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It is projected that the World’s average temperature could rise by 0.2 oC over each of the next 
two decades, and by 1.1 up to 6.4 oC this century. Grazed pasture irrigation practices play a 
vital role in meeting the global food demand of a growing population, are keys for the efficient 
use of water, and conjointly, could be used to meet the climate change targets by decreasing 
greenhouse gas emissions levels. Grazed pasture systems are a significant source of nitrous 
oxide (N2O), a potent greenhouse gas and ozone-depleting-substance. In pastures, N2O 
emissions are driven by changes in soil inorganic-N substrate supply following urine and/or 
fertiliser inputs. Increasing soil moisture as a result of irrigation and rainfall events potentially 
increases N2O production via nitrifier-denitrification and denitrification, since these are 
hypoxic and anaerobic processes, respectively, and increasing soil moisture reduces oxygen 
(O2) supply.  
Net surface emissions rely on subsurface gas transfer which is controlled mainly by diffusion. 
Soil relative gas diffusivity (Dp/Do) is the predominant parameter that describes O2 transport in 
soils and has been shown to be a promising integrator of soil physical conditions to better 
understand and mitigate N2O emissions. The value of Dp/Do is a function of the soil air content 
and gaseous phase tortuosity, both of which vary with soil physical properties including soil 





The principal outcomes of this project were: 
• The confirmation that Dp/Do can be used as a useful measure to predict soil physical 
conditions where N2O emissions occur and that recent observations of a critical 
diffusivity window under 0.02, and especially close to 0.006, need to be avoided when 
managing pastures if excessive N2O emissions are to be prevented. 
• Soil texture and structure were shown to have an effect on drainage rate which in turn 
directly affected Dp/Do, and thus N2O emissions following irrigation events. 
• Optimised irrigation minimised soil anaerobic conditions when compared to standard 
irrigation, identified through higher soil Dp/Do, which, in turn, was shown to increase 
plant growth and N uptake in a lysimeter study.  
• Lower N2O emissions were also measured under optimised irrigation in field trials, but 
conversely, higher emissions were observed in the lysimeter study with optimal 
irrigation. It was hypothesised that this may have resulted from the “Birch effect” being 
enhanced due to rewetting after extended drying periods (reduced in the standard 
irrigation) that in turn could promote hypoxia and N2O generating processes. 
The first laboratory experiment (Chapter III) examined the consistency of Dp/Do across 
different soil types to predict peaks of N2O emissions. It was hypothesised that regardless of 
soil type, the N2O emissions would peak at the previously reported Dp/Do value of 0.006. 
Increasing soil bulk density and soil matric potential caused Dp/Do to decline. As Dp/Do 
declined to a value of 0.006 N2O fluxes increased, peaking at a Dp/Do value of ≤ 0.006. This 
experiment shows that the elevation of N2O fluxes as a Dp/Do threshold of 0.006 is approached, 
holds across soil types. However, the variability in the magnitude of the N2O flux as Dp/Do 






In Chapter IV, the effect of successive wetting-drainage cycles on both Dp/Do dynamics and 
associated N2O and N2 emissions in two soils; a pallic silt loam and an allophanic sandy-silt, 
with the later also having a higher organic matter content was determined. For both soils each 
wetting-drainage cycle induced N2O fluxes but with 5-fold lower fluxes in the allophanic soil. 
Greater aggregation and sand content in the allophanic soil generated higher porosity and Dp/Do 
values that were almost always greater than recognised anaerobic limits (Dp/Do < 0.02). While 
wetting-drainage events induce N2O emissions by altering Dp/Do and the soil aeration status, 
the drainage of soils, especially soils high in organic matter, may enhance O2 demand 
generating anaerobic zones conducive to denitrification. Low N2 emissions were potentially 
due to pH and high nitrate concentration effects in the pallic soil. 
Chapter V evaluated the potential for managing soil N2O emissions by altering irrigation timing 
based upon modelled Dp/Do using repacked lysimeters, sown with perennial ryegrass (Lolium 
perenne), that received either a standard irrigation treatment (15 mm every three days), or an 
optimised irrigation treatment where irrigation was applied when soil Dp/Do was 0.085 
(equivalent to 50% of plant available water) and top up below Dp/Do = 0.02 (based on the 
previous results). Emission factors over the first 39 days of the experiment for optimised and 
standard irrigation treatments with urine were 1.26 and 0.12%, respectively, with an increase 
of N2O emissions in the optimised irrigation possibly due to the “Birch effect”. Cumulative 
pasture dry matter production and N uptake were higher in the optimised irrigation treatment. 
Macropores flow of urine derived N was lower under optimised irrigation. 
Finally, Chapter VI re-evaluated the effect of irrigation scheduling (standard and optimised), 
using soil gas diffusivity as a decision tool to mitigate N2O emissions, in the field using 
automatic chambers. The optimised irrigation treatment was favoured as there was a significant 





rates lower than the summer average for fertilised irrigated pastures, dry matter production for 
both irrigation treatments with urine were not significantly different.  
It was concluded that Dp/Do appears to be a relevant parameter to predict N2O emissions and 
future implementation into models is conceivable. Moreover, this study demonstrates the need 
to adjust irrigation cycles to prevent excessive drying of the soil profile between water events 
while anticipating the rain events and keeping Dp/Do > 0.02. Further detailed studies are needed 
to: (i) examine the interaction between soil structure and soil organic matter content and their 
effect on N2O emissions under wetting-drainage events, with measures of soil O2 (ii) consider 
avoiding intra-aggregate disruption through irrigation management which might minimise the 
Birch effect while also helping to minimise N2O emissions through reducing the increase of C 
supply for denitrifiers. 
 
Keywords: nitrous oxide, ruminant urine, soil bulk density, relative gas diffusivity (measured 
and modelled), water-filled pore space, irrigation frequency, plant N uptake and inorganic-N 
leaching. 
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 Background and research objectives 
Nitrous oxide (N2O) is a potent greenhouse gas (GHG) involved in stratospheric ozone 
depletion (Ravishankara et al. 2009). It is the third most significant GHG after carbon dioxide 
(CO2) and methane (CH4) (Ritchie and Roser 2017). The atmospheric concentration of N2O 
has increased since the preindustrial era by 20%, from 271 to 333 ppb in 2020 (NOAA 2020). 
This is the result of land use and land use change (NOAA 2020). Agriculture accounts for 
approximately 60% of anthropogenic N2O emissions because agricultural soils provide an 
optimal environment for microorganisms involved in the N2O producing processes, the 
mineralisation of soil organic matter and because of the high availability of nitrogen (N) 
substrates resulting from fertilisation of agriculture fields (Thompson et al. 2019). An 
improved understanding of N2O emission processes and factors influencing these in pastoral 
soils is vital to develop mitigation strategies and develop accurate prediction models of 
emissions. The understanding of processes is notoriously difficult since diverse microbial 
species are capable of generating N2O via numerous coexisting pathways that each respond 
differently to various environmental and soil factors. Nitrous oxide emissions are known to be 
highly variable both spatially and temporally (Butterbach-Bahl et al. 2013).  
In general, N2O production and its reduction product, dinitrogen (N2), and their ratio 
(N2O/(N2O+N2)) depend on: i) Proximal factors, such as N and carbon (C) supply to ensure the 
presence of acceptor/ donor electrons and the spatial extent of oxygen (O2) conditions in soil, 
given that the two major biological pathways involved; nitrification and denitrification, are 





(microbial community abundance), physical (soil structure, soil texture, water saturation) or 
chemical (temperature, pH). These distal factors also affect the proximal factors (Groffman et 
al. 1988). Improving field management practices to control these proximal and distal factors 
has the potential to mitigate N2O emissions. Numerous studies have demonstrated that N2O 
emissions can be reduced by improving application of N fertilisers (suitable rate and timing of 
application), thus increasing N use efficiency of crops (Eagle et al. 2012) or using nitrification 
inhibitors (Ruser and Schulz 2015). In addition, Eagle et al. (2012) reviewed several studies 
showing that irrigated lands produced more N2O emissions than drylands. Scheer et al. (2008) 
determined that reducing irrigation intensity; irrigating cotton when soil moisture was at 65% 
instead of 75% of field capacity (FC), reduced N2O emissions by almost 50%. Hence 
optimising irrigation could be a strategic key to reduce N2O emissions in farming systems, 
besides being crucial to the world’s food supplies. Irrigation will directly impact the soil water 
status and determine the pathway through which gaseous and dissolved O2, but also N 
substrates and dissolved organic C content, may diffuse toward the location of their 
consumption, as will the soil structure. However, the use of water-filled pore space (WFPS) 
for irrigation models across soils, that vary in bulk density, is not ideal (Farquharson and 
Baldock 2007). Instead, it has been shown that soil gas diffusivity (Dp/Do) can be used to 
predict the interaction of soil moisture and bulk density on soil O2 supply and the resulting N2O 
and N2 emissions (Andersen and Petersen 2009; Balaine et al. 2016; Rousset et al. 2020). This 
raises the question “Can pasture N2O emissions from irrigated lands be mitigated by 
considering irrigation management using Dp/Do?” 
This thesis aims to better understand the effect of soil O2 supply, as determined by Dp/Do, on 
N2O emissions in the context of irrigated pastoral soil. The research focuses on how irrigation 
can be effectively managed to maximise Dp/Do to minimise periods of anaerobic soil conditions 





field-based studies, the impact of soil type and soil physical conditions were investigated to i) 
understand the robustness of Dp/Do as a driver of N2O emissions across soil types and as a 
decision tool for timing irrigation application, ii) understand the significance of wetting and 
draining cycles on N2O emissions in irrigated soil and iii) investigate an optimal irrigation 
practice to minimise N2O losses from intensely managed pastures. 
 
 Thesis structure 
This PhD thesis is divided into seven chapters. Chapter I and Chapter II provide an overview 
of the thesis topic and a review of the relevant literature, respectively. The thesis objectives are 
detailed in the II.5 section. The next four chapters (Chapter III - Chapter VI) are organised as 
papers; with an abstract, an introduction, materials and methods sections and the presentation 
and discussion of the results, for the five experiments conducted. The final chapter summarises 
the overall findings of the thesis and provides suggestions for future research. 
Chapter I This chapter gives a general overview of this thesis's topic, the research 
objectives, and an outline of the thesis structure.  
Chapter II This chapter summarises the relevant background knowledge as a literature 
review and provides the reasoning and justification for the research conducted 
in this PhD thesis  
Chapter III This chapter presents the first laboratory experiment, which evaluated the 






Chapter IV Another laboratory experiment was presented in this chapter, using a 15N 
enriched NO3– solution to visualise the N2O:(N2O+N2) ratio in regards of Dp/Do 
dynamics through wetting and draining cycles. 
Chapter V This chapter presents a lysimeter experiment which evaluates the effects of soil 
perturbations with ruminant urine and Dp/Do manipulation, and their interaction 
on temporal N2O flux dynamics, N leaching and plants uptake. 
Chapter VI The last experimental chapter presents two field trial experiments using 
automatic chambers to continue to evaluate the efficacy of using Dp/Do as a 
trigger point for optimised irrigation in order to reduce N2O emissions from 
intensely managed pastures. 
Chapter VII This chapter summarises the results from Chapter III to Chapter VI and provides 
recommendations for future research. 
 
 
 Literature review 
 
The purpose of this chapter is to provide an overview of the nitrogen (N) cycle and the role 
irrigation systems play in agricultural pasture soils and the implications for nitrous oxide (N2O) 
emissions, with an emphasis on how soil physical conditions impact upon those emissions. 
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 Nitrous oxide, an environmental and 
agronomic issue  
 Brief History 
It was not until late in the 18th century that the history of nitrous oxide (N2O) began; starting 
with its discovery by the English chemist Joseph Priestley (Encyclopedia Britannica, 2019). At 
that time, it was not the history of N2O as a greenhouse gas which was told but, on the contrary, 
the history of N2O as an anaesthetic gas beneficial for surgical medicine. Humphry Davy 
(Figure 1) played a pioneering role in experimenting with the ‘N2O effect’ on himself in 1799, 
declaring: “As nitrous oxide in its extensive operation appears capable of destroying physical 
pain, it may probably be used with advantage during surgical operations in which no great 
effusion of blood takes place” (Goerig and Schulte am Esch, 2001). Nevertheless, mankind 
was to suffer for another 40 years before Humphry’s theory was considered in earnest. In the 
1850s, Americans, Gardner Quincy Colton and Horace Wells, chemist and dental surgeon, 
respectively, re-appropriated the idea and experimented during a tooth extraction on Wells 
(Figure 1). A success! Wells proclaimed “A new era in tooth pulling. It did not hurt me as much 
as the prick of pain. It is the greatest discovery ever made” (Colton, 1886), and thus “painless 
dentistry” was born. Unfortunately, a clinical demonstration from Wells in 1845 failed and the 
N2O disappeared from the anaesthetic scene for nearly two decades, until Colton revived its 
use in 1863 (Lew et al. 2018). The use of N2O in dentistry then spread to Europe, particularly 
in France and Germany.  
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Thereupon, scientists’ names intertwined; with Jean Babtiste Rottenstein and Paul Bert in 
France, Edward Andrews in America, Theodor Hillischer in Austria, Frederic William in the 
UK, Carl Sauer in Germany and Stanislaw Klikovich in Russia. All proclaimed to use the 
anaesthetic in combination with air or oxygen (O2) to prevent hypoxic side effects (Goerig and 
Schulte am Esch 2001). The publications came in rapid succession, as did the different 
anaesthetic apparatus, until a new device with a carbon dioxide (CO2) absorber became 
available in the mid-1920s and this was produced by the Draeger Company. Thus, this 
manufacturer became a protagonist of N2O anaesthesia apparatus all over the globe. Nowadays, 
N2O is still the No. 1 inhaled worldwide anaesthetic in the medical profession, always 
administered as a 50/50 blend with pure O2 (Roos, 2015).  
Meanwhile, since the late 18th century, the inhalation of N2O also became a popular form of 
public entertainment due to its euphoric and relaxant properties (Randhawa and Bodenham 
2016). Later, N2O was also found in the food industry as a highly effective propellant for 
dispensing fatty liquids like oil and heavy cream. Even the automotive industry adopted the 
gas for use as a fuel additive in car racing (Roos, 2015). 
Despite its multiple uses (especially its use as a drug) and omnipresence for nearly 200 years, 
N2O’s future seems less certain than its illustrious past. Environmental concerns are at the fore.  
Figure 1: From left to right; Joseph Priestley (1733-1804), Humphry Davy (1778-1829) and cartoon 
of the Horace Wells (1815-1848) tooth extraction with Gardner Quincy Colton (1814-1898) standing 
in front. (source: Wikipedia)   
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 Nitrous oxide, a major threat to the planet with a 
focus on New Zealand emissions  
It is within this environmental crisis that this study stands, with the focus on N2O as a potent 
greenhouse gas (GHG) and currently the most dominant ozone-depleting substance in the 
Earth’s atmosphere (Ravishankara et al. 2009). Carbon dioxide (CO2), methane (CH4) and 
N2O, are all GHGs that trap heat energy in the atmosphere. The concept of “greenhouse gas” 
is not recent and started with Svante Arrhenius, in 1896, who was the first to calculate GHG 
effects based on increasing CO2 in the atmosphere. However, in 1988, GHGs were finally 
acknowledged as causing a rise in the global annual mean temperature; the greenhouse effect 
theory was named, and the Intergovernmental Panel on Climate Change (IPCC) was founded. 
Since the late 20th century, scientists have redoubled their efforts to warn that GHG impacts 
on the environment are of increasing concern to the climate (IPCC 2007). Scientific evidence 
demonstrates that climate change has been occurring and is mainly caused by human activities, 
posing significant risks to a broad range of both human and natural systems; the planet is 
heating up and fast! Most of the increase in atmospheric CO2, and the associated warming, is 
attributed to the burning of fossil fuels due to the global shift towards motorised vehicle use in 
transportation and the automation systems adopted during the industrial revolution, and other 
anthropogenic activities which have been some of the greatest contributions to the release of 
CO2 and other dangerous heat-trapping GHGs into the atmosphere. As indicated by a plethora 
of peer-reviewed journal publications, systematic reviews, and government reports, CO2 has 
earned the prominent position of the most studied GHG (US EPA 2015). Carbon dioxide also 
remains in the atmosphere much longer than other major GHGs (US EPA, 2015). However, 
CO2 should not be the sole focus: atmospheric concentrations of N2O have also increased by 
23% since pre-industrial times, from 271 ppb to 333 ppb in 2020 (NOAA 2020). Although this 
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is significantly lower than the absolute concentrations of the other major offending GHGs such 
as CO2 and CH4, its greater heat trapping potential means that its overabundance in the 
atmosphere has an important role to play in our weather system (Myhre et al. 2013): the IPCC 
reported a precipitous rise of 6% for the global radiative forcing of N2O from 2005 to 2011. As 
a long-lived gas, N2O has a lifespan of 116 years in the atmosphere (Prather et al. 2012) and 
the time-integrated radiative forcing resulting from a mass unit of N2O is approximately 265–
298 times larger than that of CO2, for a 100-year time horizon (Tian et al. 2018).  
In addition, N2O remains and is expected to continue to be the dominant ozone-depleting 
substance emitted by humans (Revell et al. 2015). When N2O is produced at the surface, it is 
relatively inert in the troposphere (first-atmosphere layer). But, when it is transported to the 
stratosphere, where the ozone (O3) layer can be found, N2O is broken down. It can either be 
photolyzed (1) or undertake reaction with the excited oxygen atoms (O1D) (2). This latter 
process produces nitric oxides (NO), which catalyse O3 destruction (3) (Revell et al. 2015). 
1) 𝑁2𝑂 + ℎ𝑣 → 𝑁2 + 𝑂(1𝐷) 
2) 𝑁2𝑂 +  𝑂(1𝐷)  →  𝑁2 + 𝑂2 & 𝑁2𝑂 +  𝑂(1𝐷)  → 2𝑁𝑂  
3) 𝑁𝑂 + 𝑂3  ↔ 𝑁𝑂2 + 𝑂2 
The N2O molecule is the largest anthropogenic emission of an O3-depleting compound 
(Portmann et al. 2012). Life as we know it would not be possible without this protective O3 
layer absorbing the ultraviolet radiation from the sun.  
In New Zealand, there has been a 23% increase in total GHG emissions since 1990 (Table 1) 
(Ministry of the Environment New Zealand 2019). In 2017, New Zealand’s GHG emissions 
inventory comprised of long-lived CO2 that accounted for 44.5% of the total GHG emissions, 
CH4 and N2O. Collectively CH4 and N2O account for 53.5% of New Zealand’s total GHG 
emissions (Table 1). However, the figures show a distinct increase in N2O emissions since 1990 
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with increases of 27.8% compared to only a 6.17% increase for CH4 (Table 1) in 2017. Nitrous 
oxide made up 21% of all agricultural GHG emissions in New Zealand in 2015 (Ministry of 
the Environment New Zealand 2019). N2O is an omnipotent GHG and therefore, it requires 
mitigation. 
Table 1 New Zealand’s gross emissions by gas in 1990 and 2017 (Ministry for the Environment 2018) 
Material removed due to copyright compliance 
     
     
     
     
     
     
     
 
 
 Sources and impacts of N 2O on the agrosystem 
Nitrous oxide is a long-lived GHG with both natural and anthropogenic sources (Davidson and 
Kanter 2014). Globally, naturally emitted N2O emissions are estimated at 11 Tg N2O-N per 
year, including terrestrial, marine and atmospheric sources, while net anthropogenic emissions 
account for 5.3 Tg N2O-N per year (Figure 2) and are dominated by the agriculture sector 
contributing 77% of these emissions (Davidson and Kanter, 2014). Soil ecosystems constitute 
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the largest source of N2O emissions and microbial nitrogen (N) transformations in the soil are 
the main cause of N2O production (Ussiri and Lal 2013). New Zealand is atypical because the 
country has a relatively unique emissions profile, relative to other developed countries, with a 
higher proportion of CH4 and N2O, due to agriculture dominating land-based industries 
(Ministry for the Environment 2018).  
 
To support the increasing global population, it is conceivable that crop and stock numbers will 
increase, as well as the use of N fertilisers. The invention of the Haber–Bosch process gave 
rise to the introduction of synthetic N-based fertilisers, the availability of which has enabled 
the expansion of intensive farming (Thomson et al. 2012). This also has been the case in New 
Zealand where the amount of N fertiliser applied to agricultural soils was 6–fold higher in 
2013 than in 1990, 359kt and 59kt, respectively, with urea representing more than 80% of all 
synthetic N fertiliser applied (Ministry for the Environment, 2015). Despite the positive feature 
of using N fertilisers on farmlands, such as the increase of plant production, the fraction of 
applied N that is absorbed and used by plants, also called N use efficiency (NUE), is generally 
low. The fraction not used by the plants will be stored as organic N in the soil, lost to the 
atmosphere, or leached to ground and surface waters. In a grazed pasture system, which 
Figure 2: Global natural versus anthropogenic N2O emissions in 2005. (Davidson and Kanter 2014)  
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converts plant biomass into human edible animal products, less than 50% of the N applied in 
fertiliser and manure is removed by the plants. Nitrogen use efficiency is also predominately 
influenced by fertilization with NUE significantly larger in unfertilised (NUE calculation 
including N mineralisation of the soil and N deposition rate) than fertilised plots (Keuter et al. 
2013). Thus, greater N availability from fertilisers leads to increasing emissions of N2O in the 
agriculture sector. Generally, for every 1000 kg of applied N fertilisers, it is estimated that 
around 10–50 kg of N will be lost as N2O from soil, with the amounts of N2O emitted increasing 
exponentially relative to the increasing N inputs (Shcherbak et al. 2014). A study by Kelliher 
et al. (2014) also showed that changing N application rate could significantly and 
proportionally change the soil NO3−–N concentrations, and with soil NO3−–N concentrations 
up to 891 mg kg−1 (1500 kg N ha−1 applied) linear increases in N2O emissions were observed 
(Figure 3). 
 
Nitrous oxide emitted directly from the soils to which N has been added are called direct N2O 
emissions. In contrast indirect N2O emissions result from the volatilisation of N and leaching 
of N. A fraction of the volatilised N returns to the ground as wet or dry deposition and is then 
transformed and re-emitted as N2O. Indirect emissions from leached N occur as dissolved 
inorganic-N is transformed resulting in N2O emissions from ground waters, drains, streams and 
other water bodies in the landscape (IPCC 2007).  
Figure 3: The relationship between 
nitrogen (N) application rate (Nrate, 
kg N ha−1) and the replicate nitrous 
oxide (N2O) fluxes accumulated 
over 67 days (kg N ha−1). Linear 
regression yielded N2O flux = 
(0.0122 ± 0.0006) * Nrate + 0.8352 
± 0.0626, a statistically significant 
relationship (P < 0.05) accounting 
for 92% of the variability. 
(Kelliher et al. 2014) 
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In grazed soils, synthetic N-based fertilisers are not the only source of N substrate for direct 
N2O emissions. New Zealand’s greenhouse gas inventory (2019) reported that in 2017, urine 
and dung deposited by grazing animals comprised 63.5% of N2O emissions from the 
agricultural soils category, far ahead of the synthetic N fertilisers that comprised 15.9%. 
Ruminant urine is randomly deposited onto pasture in “patches” and the N rate is related to 
animal type with the rate of N deposited in a urine patch as high as 2000 kg N/ha (Selbie et al. 
2015). Thus, grazed pasture systems are typically rich in N, with the urine patches creating 
“hot-spots” for N2O production. In addition, some studies refer to the urine-N application effect 
on N2O emissions as lasting for longer than 30 days (Baggs et al. 2006). It is well documented 
that urine additions to grassland soils result in significant quantities of N2O production and 
emission, mainly due to the soil microbial processes of nitrification and denitrification (Selbie 
et al., 2015), following the addition of readily available N and carbon (C), and the effects of 
significantly increased soil water-filled pore space (WFPS) within the urine patch (Van der 
Weerden et al. 2017). Estimated denitrification losses from grasslands grazed for dairy cows 
in New Zealand have been estimated to be ~ 10 kg N ha-1 y-1 (Parfitt et al. 2006). The emission 
factor (EF) is, according to U.S. Environmental Pollution Agency (EPA), “a representative 
value that attempts to relate the quantity of a pollutant released to the atmosphere with an 
activity associated with the release of that pollutant”. The EF is also higher for ruminant urine 
than the EF for ruminant dung, with values in New Zealand set at 1% and 0.25%, respectively 
(Ministry of the Environment 2019). A study in the United Kingdom (U.K.) (Chadwick et al. 
2018) showed similar results with a significantly greater average for the N2O EF for urine 
(0.69%) than dung (0.19%).  
Plants may also be a source of N input to the soil, through N-fixing legumes such as clovers 
(e.g. Trifolium sp.), or through decomposition of plant litter and crop residues (Figure 4). Crop 
residues are materials left in an agricultural field after the crop has been harvested. The current 
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U.K. Greenhouse Gas Inventory (2018) identifies crop residues as the third largest source of 
direct N2O emissions from agricultural soil after synthetic N fertilisers and grazing returns 
(urine and dung). Consequently, the increases of N losses from N2O emissions from the 




Figure 4: Sources of N2O 
emissions from agricultural 
soils, showing the contribution 
of each source to emissions 
through both direct and 
indirect pathways in New 
Zealand (Ministry for Primary 
Industries 2020)  
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Summary of the subsection:  
Life on Earth depends on a temperature range controlled by the greenhouse effect. Changes in 
the concentration of GHGs have occurred in the past decades and have been related to the 
increase in global temperature. Among these GHGs, N2O is of great importance because it 
remains in the atmosphere for more than 114 years and has a warming potential 298 times 
greater than CO2. Most of the N2O emissions take place from soils and are related to 
agricultural activities. The next subsection is aiming at presenting the main mechanisms of 
N2O formation and emission in agricultural soils.   
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 The processes responsible for N 2O emissions 
from soil 
 An overview on the N cycle in the soil  
Nitrogen (N) is an essential nutrient for plant growth, development and reproduction (Lambers 
and Oliveira 2019). Despite N being one of the most abundant elements on earth, plant N 
deficiency is one of the most common problems affecting plants worldwide (Lambers and 
Oliveira 2019). Nitrogen is involved in many vital plant processes such as photosynthesis (N 
is a component of chlorophyll), the production of proteins (N is a component of the amino 
acids), energy-transfer (N is a component of adenosine triphosphate; ATP) and transfer of 
genetic material (N is a component of nucleic acids e.g. deoxyribonucleic acid; DNA).  
Non-reactive N occurs as N2 while reactive N (Nr) comprises all the inorganic oxidised (nitrate 
ion; NO₃⁻-, nitrogen oxides; NOx, N2O) and reduced forms (ammonia; NH3, ammonium ion; 
NH₄⁺) as well as the organic N compounds (Galloway et al. 2003). In the soil, N is most likely 
to be found as organic N compounds, or inorganic N such as NH₄⁺ and NO₃⁻ (Fowler et al. 
2013). In the plant/soil/atmosphere system, N is transformed from one form to another through 
reduction-oxidation reactions mediated by microbial communities in a complex 
biogeochemical N cycle (Figure 5). Among these many N transformation processes, N fixation 
and NO₃⁻ assimilation are the only pathways that are not directly involved in the production of 
N2O. It is important to stress that this N cycle (Figure 5) includes only those pathways 
contributing to atmospheric loading of gaseous N compounds (excluding NH3) and does not 
show the biotic losses (plant uptake of NH4+ or NO₃⁻) and abiotic losses (N leaching) that are 
also part of the N cycle. Indeed, under high rainfall or irrigation, soil NO₃⁻ can move below the 
plant roots with drainage, a process termed ‘leaching’. Ammonium (NH4+) is a positively 
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charged molecule that is held on the negatively charged sites on soil organic matter and mineral 
surfaces, thus it is retained in the soil and is not susceptible to being leached or volatilised. 
Volatilisation is the gaseous loss of ammonia (NH3) from the soil surface after its conversion 
from NH4+, a process driven by the soil having a high pH (> 7.0). Significant amounts of NH3 
can be lost from manure, urine or fertiliser via NH3 volatilisation. The conversion of organic 
N sources to NH4+ by soil microorganisms in the soil (Figure 5) is called mineralisation 
(Schimel and Bennett 2004). 
It follows that the N cycle is complex and indispensable for the “agrosystem” and plant 
development. Nevertheless, an unbalanced N cycle can have devastating consequences for the 
natural environment. The microorganisms’ activity regulates the retention or loss of N from 
the system, and determines in which form N is lost. Reactive N is lost from agricultural soils 
mainly via the gaseous release of N2O, NH3 and NOx (Kasper et al. 2019), and via NO₃⁻ 
leaching, the latter will enter surface and ground waters, causing water eutrophication (Gruber 
and Galloway 2008). Several concurrent processes are responsible for N2O emissions in 
agricultural soils (Signor and Cerri 2013; Hallin et al. 2018) and the relative contribution to net 
N2O emissions of the different processes varies considerably and is influenced by the microbial 
community and environmental condition. However, the majority of N2O (approximately 70%) 
is produced through the biological processes of nitrification and denitrification (Butterbach-
Bahl et al. 2013). The following subsections discuss the details of these processes responsible 
for N2O emission. 





Figure 5: Figure from Hallin et al. (2018) of “the microbial pathways in the nitrogen (N) cycle. 
Background colors differentiate between processes occurring under oxic or anoxic conditions. The 
compounds are positioned according to the oxidation state of N. Solid colored lines indicate microbial 
pathways, and the genes encoding the respective enzymes that catalyse each step in the pathway are 
indicated as follows: amo, ammonia monooxygenase; hao, hydroxylamine oxidoreductase; hdh (also 
known as hzo), hydrazine dehydrogenase; hzs, hydrazine synthase, nar/nap, cytoplasmic and 
periplasmic dissimilatory nitrate reductases, respectively; nas, assimilatory nitrate reductase; nif, 
nitrogenase; nas/nirB, assimilatory nitrite reductase; nirS/nirK, cytochrome-cd1 and copper-based 
dissimilatory nitrite reductases, respectively; ‘nor’, any of the multi-heme or heme–copper nitric oxide 
reductases; nosZ, nitrous oxide reductase; nrf, formate-dependent dissimilatory nitrite reductase; nxr, 
nitrite oxidoreductase. Dotted lines indicate the contributing pathways to atmospheric loading of 
gaseous nitrogen compounds, whereas dashed gray lines indicate biotic/abiotic processes generating 
gaseous N compounds that also feed into the overall N-cycle. DNRA, dissimilatory nitrate reduction to 
ammonium”. 




Denitrification rates in agricultural soils are thought to be approximately one order of 
magnitude larger than in natural soils (Butterbach-Bahl and Dannenmann, 2013). 
Denitrification is the reduction of NO₃⁻ to N2, with N2O being an obligate intermediary 
compound. When this process is complete N2 is formed and when it is incomplete a variable 
fraction of N will be emitted as NO and N2O (Pilegaard 2013). Emissions of NO are typically 
low, probably due to coupled regulation of NO2⁻ and NO reductase preventing toxic 
accumulation (Zumft 1997). Denitrification represents a significant source of N2O emission 
from soils (Boyer et al. 2006; Butterbach-Bahl et al. 2013) and it is often considered a cause 
of the low N use efficiency in agriculture, since it can interfere in soil-plant relationships, 
competing for mineral N and leading to N loss from the system both as N2O and N2 (Galloway 
et al. 2004). Complete denitrification plays a pivotal role in the N cycle as it favours the 
conversion of N2O into N2 and returns N to the atmosphere. Hence, denitrification is the only 
terrestrial sink for N2O.  
The sequential reduction involved in the denitrification process can be summarised as follows 
































Figure 6: Denitrification steps including the different enzymes involved 
 
Denitrification occurs under anaerobic conditions when facultative anaerobic bacteria use N-
oxides as an electron acceptor instead of the O2 molecule (Wrage-Mönnig et al. 2018). 
Facultative anaerobic bacteria represent 0.1-5.0% of the total bacteria population in the soil 
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(Signor and Cerri 2013). Anaerobic bacteria, mainly heterotrophic, are the stereotypical 
denitrifiers but the process is phylogenetically diverse (Graf et al. 2014), also occurring in fungi 
and archaea. Recent studies increasingly highlight the importance of fungal denitrification as a 
source of N2O emissions (Maeda et al. 2015) potentially because fungi do not encode an N2O 
reductase to completely reduce produced N2O into N2. The existence of microaerophilic and 
oxic denitrifiers, which emit N2O emissions from aerobic soil, have also recently been 
discovered (Ji et al. 2015) but there significance is unknown. Thereby, the major requirements 
for denitrification to occur are the presence of microorganisms in the soil having the 
appropriate metabolic pathway, the availability of suitable reductants (NO3⁻, NO2⁻, NO or 
N2O) and anaerobic soil conditions (0% O2). Soils in New Zealand are generally not frozen in 
winter, and N2O emissions are likely to be high both in wet winters when soils are saturated, 
and for poorly drained soils.  
N2O production is often described in terms of either: i) N2O quantity emitted and/or 
accumulated, and ii) the N2O/(N2O+N2) ratio. The first is self-explanatory and implicitly the 
most relevant variable used to describe the release of N2O to the atmosphere. The second 
variable (N2O/(N2O+N2) ratio) is relevant when highlighting the process generating N2O 
emissions. The fraction of N2O or N2 emitted during the denitrification process is influenced 
by various soil and environmental factors. 
 Nitrogen substrates inf luence on the denitr i f icat ion rate  
Nitrogen oxanions/oxides (NO3−, NO2−, NO and N2O) are the substrates for the denitrification 
process (Figure 6), therefore, their availability clearly impacts the amount of gaseous products 
produced (NO, N2O and N2). An increase in the N inputs will give rise to an increase in N 
outputs, all things being equal, given appropriate anaerobic conditions for denitrification.  
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An increased availability of NO3− in the soil is known to shift the N2O/(N2O+N2) ratio towards 
N2O (Senbayram et al. 2012), as NO3− is favoured over N2O as electron acceptor during 
denitrification and due to the suppression of N2O reductase activity (Giles et al. 2012). 
Moreover, NO3− is one of the most mobile of the Nr species in the soil, thus it may rapidly 
diffuse into anaerobic soil compartments where it may promote biological denitrification. 
Therefore, the application of N fertilisers or manures increases denitrification rates, especially 
when there is an ample supply of C (Bhandral et al. 2007; Fangueiro et al. 2008). Soil NO3− 
concentrations in the range 1–10 mg NO3−–N kg soil-1 have been reported to limit 
denitrification (Barton et al. 1999). However, studies conducted on pastoral soils in New 
Zealand, report soil NO3− concentrations often > 50 mg NO3−–N kg soil-1 for control sites 
without N-urea application (Kelliher et al. 2014). Consequently, this suggests that NO3− will 
not be a limiting factor for denitrification in New Zealand pastoral soils.  
As for NO3−, the presence of NO2− can also impair the reduction of N2O resulting in increased 
N2O emissions in soils. During denitrification, there is electron competition between each 
reductase enzyme in the denitrification chain, competing for a restricted pool of electron 
carriers which are normally provided by C oxidation (Pan et al. 2013). Nitrous oxide reductase 
is known to have a lower affinity to the electron carriers than the preceding reductases involved 
in the denitrification process. Consequently, the N2O reduction activity to N2 is reduced in the 
presence of low concentrations of C, NO3− and NO2− (Pan et al. 2013).  
 Carbon and other factors inf luence on the denitr i f icat ion 
rate  
Plant residues and animal manures represent the main inputs of C compounds to agricultural 
soils. Organic fertilisers are also a source of readily-decomposable organic C compounds. This 
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addition of C may trigger denitrification by enhancing respiration (through creation of anoxic 
micro-sites) and by providing energy for denitrifiers (Weier et al. 1993).  
The electron supply per mole of C from different substrates may be a factor determining their 
efficiency in denitrification and nitrification. Denitrifying and nitrifying bacteria use a wide 
variety of organic acids, carbohydrates, and other organic compounds as C and energy sources 
when growing under aerobic conditions (Beauchamp et al. 1989). Denitrification rates may 
differ depending on the C sources. This has been seen in the experience of De Catanzaro and 
Beauchamp, (1985) where alfalfa-amended soil produced a significantly higher rate of 
denitrification than the same amount of added straw. Low C availability in the soil will reduce 
the denitrification rate and then reduce soil N2O emissions and increase the opportunity for N 
to be lost by alternative processes such as leaching. However, higher denitrification rates do 
not always lead to higher N2O losses from soil as denitrifying bacteria produce mainly two 
gases, N2O and N2. A decrease of the N2O/(N2O+N2) ratio can also be observed with a high C 
concentration in the soil leading potentially to an increase of N2O reduction to N2 (Senbayram 
et al. 2012) due to the lack of electron competition. As mentioned before, N2O reductase has a 
lower propensity to bind to electron acceptors compared to other N-reductases (Pan et al. 
2013). Hence, when C supply is high, electron supply is high, thus competition is minimised 
and N2O reduction to N2 increases. Moreover added C can simulate aerobic respiration in which 
C is oxidised to CO2 with the release of energy. Respiration by microorganisms decomposing 
organic matter in soil consumes O2 faster than it can penetrate the soil mass, and hence the 
creation of anoxic micro-sites in the soil occurs (Boyd 1995).  
In general, the effect of available C compounds on the amounts of N2O and N2 produced in and 
emitted from the soils, as well as their ratio, is reported to vary with soil NO3− concentration 
and WFPS (Zaman et al. 2007).  
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Other additional factors that influence denitrification include soil temperature, with an optimal 
temperature reported to be 25°C (Canion et al. 2014). It has been shown that increasing 
temperature results in higher rates of N2O emissions (Farquharson and Baldock 2007). 
Recently, a microcosm study carried out by Venterea et al., (2020) showed an unexpected 
increase in N2O emissions as soil temperatures declined. This phenomena was explained by an 
accumulation of NO2⁻ at cold temperatures (5 and 10 oC), resulting from an increase in the first 
steps of nitrification (NH3 oxidation, Figure 7). This increase of NO2⁻ was then associated with 
increased production of NO, and to a lesser extent an increase in N2O emissions. 
Soil pH impacts upon denitrifiers abundance, N2O/(N2O+N2) ratios and denitrification rate. 
Bergaust et al. (2010) demonstrated that for highly acidic soil the formation of the N2O 
reductase enzyme is impaired and therefore the ratio of N2O to N2 produced from 
denitrification is increased at low pH (acidic). In general, pH is also considered as an important 
determinant of microbial community composition in soils (Kaminsky et al. 2017).  
Soil depth is also important with respect to surface soil N2O emissions as there will be more 
opportunity for further reduction of N2O via denitrification, if N2O is generated deep within 
the soil (e.g. Clough et al. 2005).  
 
 Nitrification  
Nitrification is an aerobic process where NH3 is oxidised to NO2⁻or NO3⁻ for the generation of 
energy by microorganisms, and joins N fixation and denitrification (Figure 5) as a major 
pathway within the N cycle (Stein and Klotz 2016). This process can produce N2O directly, via 
chemical decomposition of hydroxylamine, and indirectly, via nitrifier denitrification. As seen 
in Figure 5, nitrification occurs in an oxic environment and the presence of O2 is essential for 
this process to occur. 
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Nitrification in soils is classified into heterotrophic nitrification or autotrophic nitrification 
(more prevalent). The latter is mainly carried out by chemoautotrophic ammonia-oxidizing 
bacteria (AOB) and archaea (AOA), and nitrite-oxidizing bacteria (NOB). Heterotrophic 
nitrification is carried out by certain heterotrophic fungi and bacteria with the potential to 
oxidise both organic and inorganic N compounds (Hayatsu et al. 2008). Nitrification was 
historically considered a pathway to nitrate with 2 distinct stages. AOB (or AOA) were thought 
to produce only nitrite from their metabolism which was then released as a substrate for NOB 
to produce NO3⁻ (Figure 7). However in 2015, two studies from Daims et al. (2015) and Van 
Kessel et al. (2015) found the existence of a bacterium that performed complete ammonia 
oxidation (COMAMMOX) from NH3 to NO3⁻. The nitrification pathway, whether it is 
performed by one microorganism or divided into two phases, is described in Figure 7. 
 
    
  
Figure 7: Nitrification pathways undertaken by ammonia-oxidizing bacteria (AOB), nitrite oxidizing 
bacteria (NOB) and comammox bacteria. (Stein 2019) 
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Ammonia in agricultural soils can be provided by NH3 fertilisers or be derived from NH4+. The 
mechanism of N2O production by nitrification is not completely elucidated but several studies 
suggest the following hypotheses:  
1. A constant proportion of NH4+ can be converted to N2O during nitrification, resulting from 
biotic or abiotic reactions of nitrification intermediates. A study led by Kozlowski et al. (2016) 
using microelectrodes, showed that AOA generated and rapidly consumed NO, but were 
incapable of nitrifier denitrification and produced N2O via abiotic reactions of metabolic 
intermediates with media components. Consequently, N2O is thought to be produced during 
abiotic NH2OH decomposition and as a by-product of AOB or AOA nitrification of NH3 (Stein 
2019).  
2. The partial oxidation of NH4+ into NO2⁻ under aerobic conditions, followed by NO2⁻ 
diffusion to hypoxic regions and its subsequent reduction to NO. This process is better known 
as nitrifier denitrification. This process occurs in AOB in order to maintain an intracellular 
redox balance and is not a respiratory pathway. Figure 8 shows that AOB encode and express 
Nir and Nor enzymes which reduce NO2⁻ to NO and N2O. Nitrifier denitrification is a process 
that is active under increasingly O2 limited conditions but ceases under complex anoxia, where 
denitrification occurs. Nitrifying bacteria lack the nosZ gene (Stein 2019), therefore the 
obligate end product is N2O which explains the high contribution rate of nitrifier denitrification. 
3. The final mechanism for N2O generation by AOB is the anaerobic oxidation of 
hydroxylamine by the enzyme cytochrome P460 (Caranto et al. 2016). 
Stein (2019) reports that production of N2O by nitrifier denitrification in AOB is significantly 
greater than N2O from abiotic pathways. Regardless of the mechanism, N2O as a by-product 
during the ammonia oxidation process accounts for around 1% of the total NH3 consumed 
(Prosser et al. 2019).  




Nitrous oxide production via NH3 oxidation pathways increases as O2 concentrations decrease 
(Zhu et al. 2013a). Nitrifier denitrification can account for up to 100% of N2O emissions from 
NH4+ in soils and the process is more significant than classical denitrification under some 
conditions (Wrage-Mönnig et al. 2018). Zhu et al. (2013) showed that, hypoxic O2 
concentrations, 0.5% and 3%, resulted in nitrifier-denitrification generating between 34% and 
66% of total N2O emissions. This rate was higher than the heterotrophic denitrification rate 
(between 34% and 50%) for the same O2 concentrations which, in the absence of oxygen (0%) 
was responsible for 100% of N2O production. By comparison, the study of Mathieu et al. 
(2007), involving the use of 15N isotope tracers (15NH4+ or 15NO3–) to compare nitrification and 
denitrification, showed that under unsaturated and saturated conditions, both processes were 
significantly involved in N2O production. Under unsaturated conditions, 60% of N2O came 
from nitrification, while denitrification contributed around 85-90% under saturated conditions. 
Figure 8: Pathways for N2O production by AOB and AOA. Reactions with red arrows are catalysed by 
enzymes and only by AOB. Reactions with blue dashed arrows are abiotic, or biotic via partnering 
microorganisms, and occur for both AOB and AOA from intermediates produced during active 
ammonia oxidation. (Stein 2019) 
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 Nitrogen substrates inf luence  on nitr i f icat ion and N 2 O 
emissions through nitr i f ier deni tr i f icat ion  
The rate of nitrification depends on various factors. The process will be indubitably influenced 
by the substrate abundance in the soil (NH4+, NH3 or NO2⁻). Studies have shown that the 
addition of fertiliser or urea (adding NH3 and NH4+ in the soil) stimulates an increase in AOB 
populations (Hermansson and Lindgren 2001; Okano et al. 2004; Cavagnaro et al. 2008). To 
reduce N2O emissions from applied urea, NH4+-based fertilisers or urine-N, researchers have 
developed different mitigation technologies including the use of N inhibitors to reduce the entry 
of mineral N from applied fertiliser/urine into the available inorganic-N pool. The use of 
nitrification inhibitors (NI) has been pointed out as an efficient strategy to reduce N2O 
emissions without yield penalties (Clough et al. 2007; Chen et al. 2010; Misselbrook et al. 
2014). The basic premise of NI techniques is to delay either urea hydrolysis (urea fertiliser and 
ruminant urine patches) or the rate of NH3 oxidation (fertilisers, ruminant urine patches). 
Reducing NH3 oxidation by blocking the AMO gene activity (Figure 7) reduces the potential 
for abiotic generation of N2O, the potential for nitrifier denitrification, and reduces the amount 
of NO3− subsequently available for denitrification. Urease inhibitors (UI) retard the hydrolysis 
of soil-applied urea and delay the entry of urea-N into the NH4+ pool (Liu 2012), which is likely 
to produce less N2O via nitrification due to the limited availability of NH4+. However, this 
extended retention of N in form of NH4+ after NI application in soils may increase the risk of 
NH3 volatilization and thus the risk of NH3 deposition which is an indirect source of N2O 
emissions via nitrification (Ministry for Primary Industries, 2020, Figure 4).  
Both AOB and NOB are sensitive to NH3 toxicity, but it is generally believed that NOB are 
more sensitive than AOB (Van Cleemput and Samater 1995); thus, soil NO2⁻accumulates in 
the presence of sufficiently high NH3 levels because NOB are unable to fully process the NO2⁻ 
produced by AOB leading to increased N2O production via nitrifier denitrification in an attempt 
Chapter II  
28 
 
to detoxify the NO2− (Venterea et al. 2015). Similar conditions, with large NH3 concentrations 
leading to accumulating NO2−, are found after application of urea, urine, or manure (Elliot and 
Fox 2014; Breuillin-Sessoms et al. 2017; Norton and Ouyang 2019). This increase in NO2− 
concentration will favour the production of N2O through codenitrification, nitrifier 
denitrification and denitrification/DNRA (Figure 9).  
 
 Other factors affect ing nitr i f icat ion rate  
As mentioned earlier the majority of nitrifiers found in the soil are autotrophic and gain energy 
to fix CO2 into organic C compounds by oxidizing the N compounds in the NH3 and NO2⁻ 
molecules. Nitrifying bacteria use a wide variety of organic acids, carbohydrates, and other 
organic compounds as C and energy sources when growing under aerobic conditions 
(Beauchamp et al. 1989). However, a C limited environment could simulate N2O production 
by increasing N oxidation, triggering favourable conditions for nitrification/nitrifier 
Figure 9: Likely occurrence of N2O releasing pathways as a function of substrate type and 
NO2− concentration. Note that the circles are drawn to indicate proximate optimal conditions. 
Occurrence in soil (microsites) might differ and substrate pools are not uniform. (Wrage-Mönnig et 
al., 2018)  
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denitrification pathways. For example, Köster et al. (2011) revealed that in an environment 
where all added labile C substrates had been consumed, nitrification gained in importance, 
reaching roughly the same N2O production rate compared to the denitrification pathway. A 
high C:N ratio is also known to lead to the immobilization of NH4+ (Sahrawat 2008) which will 
affect the nitrification rate. 
Let us not forget that plants take up and assimilate both NH4+ and NO3−, and this could also 
exert differential effects on nitrifiers. Some plants are also capable of producing nitrification 
suppressing chemicals (Skiba et al. 2011). Plants will also stimulate soil N transformation by 
releasing C into the rhizosphere as a consequence of root exudation. However, Thion et al. 
(2016) showed that AOB abundance in the rhizosphere and bulk soil depended on pH, rather 
than plant traits.  
Finally, during the first phase of nitrification, hydrogen ions (H+) are released which results in 
acidification of the soil. Optimum pH has been found to be approximately 7.8 to 9.0 and 
reductions in nitrification rate have been found outside this range (Amatya et al. 2011).  
 
  Coupled nitrification-denitrification  
As seen above, denitrification and nitrification processes occur in the soil when the conditions 
are optimal for denitrifiers and nitrifiers, respectively. 
Despite the fact that nitrification is an aerobic process and denitrification is an anaerobic 
process these processes may coexist within the same soil. When it occurs; when NO3⁻ or NO2⁻, 
derived from nitrification, diffuses to sites of denitrification, the terminology “coupled 
nitrification-denitrification” (CND) is used (Wrage et al. 2001). In this process, nitrifiers and 
denitrifiers ‘cohabit’ in adjacent anaerobic and aerobic zones with nitrification products 
diffusing into the zone for denitrification. Unlike the nitrifier denitrification process, carried 
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out solely by ammonia oxidisers, CND is the result of the coupling of nitrification and 
denitrification with the denitrifiers using the nitrification products (Wrage-Mönnig et al. 2018). 
Marchant et al. (2016) show that nitrification fuels denitrification by providing an additional 
source of nitrate, and as such masks true N losses.  
This suggests that the production of N2O is highest at conditions that are sub-optimal for both 
nitrifiers and denitrifiers. 
 
 DNRA-denitrification 
Dissimilatory nitrate reduction to ammonia (DNRA) is considered as one of the least 
understood processes in the N cycle (Kuypers et al. 2018). DNRA converts soil NO3⁻ to NO2⁻, 
as in some denitrifiers, but involves a further fermentative step converting NO2⁻ to NH4+ (Friedl 
et al. 2018). Thus, the principal importance of DNRA is that NO3⁻ is transferred into another 
mineral N form which is less mobile and therefore conserves N in the ecosystem. Recent studies 
have suggested competition for NO3⁻ exists between DNRA and denitrification under 
anaerobic conditions (Rütting et al. 2011).  
Thus, the soil oxidation state is a principal factor that determines the importance of DNRA 
compared to denitrification (Friedl et al. 2018) with DNRA by bacteria and fungi occurring 
under more reducing (anoxic) conditions (Yin et al. 2002). In addition, DNRA is assumed to 
occur under NO3⁻ limiting conditions and high C availability, with DNRA favoured over 
denitrification when the C to NO3⁻ ratio is > 12 (Yin et al. 2002). Friedl et al. (2018) examined 
the effect of a wetting and drying cycle on denitrification and DNRA, and the results showed 
an exponential increase in both processes correlated with increasing WFPS and both processes 
responded to NO3⁻ availability, demonstrating both processes as N-substrate driven. However, 
they did not see any correlation with NO3⁻ concentration and DNRA but their findings suggest 
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that the high labile C availability under perennial pastures, together with the increase of labile 
C upon rewetting, drives heterotrophic soil respiration, which reduces the soil redox potential 
and ultimately shifts NO3⁻ consumption from denitrification to DNRA. 
Conditions required for DNRA are similar to those required for denitrification including 
available NO3− or NO2− and organic C availability. Thus increased NO3− availability also 
increases the potential for production of N2O through DNRA. 
 
 Chemodenitrification  
With reference to the five previous processes (denitrification, nitrification, coupled 
nitrification-denitrification, nitrifier-denitrification and DNRA-denitrification), N2O 
production is generally thought to predominately arise from microbial enzymatic processes. 
However, iron, manganese and organic compounds readily undergo redox reactions with 
intermediates in the N cycle that produce N2O abiotically under relevant environmental 
conditions at alkaline pH (Zhu-Barker et al. 2015). Chemodenitrification is the term used to 
describe abiotic reactions of NO2⁻ with ferrous (Fe(II)) ions causing N2O emissions (Figure 
10) (Van Cleemput 1998). Similarly, decomposition of the nitrification intermediate NH2OH 
to N2O may occur through redox reactions with Fe (III) (Zhu-Barker et al. 2015). It has been 
suggested that chemodenitrification can account from 6.8 to 67.6% of the total N2O production 
in paddy soil depending on the concentrations of Fe(II), N and C substrates (Wang et al. 2020). 




Figure 10: “Cause and effects of nitrite- and nitrate-induced (chemo) denitrification-based N2O 
formation in coastal marine sediment. When Fe(II) and nitrite/nitrate was added to the marine 
sediment, Fe(III) was formed among different process by chemodenitrification which is stimulating 
Fe(III)-reducing bacteria (FeRed). The FeRed bacteria then produce Fe(II) and stimulate Fe(II)-
oxidizing bacteria. Therefore chemodenitrification has a significant impact on Fe-cycling in general. 
Simultaneously, nitrite/nitrate was reduced to NO and further to N2O by chemodenitrification and 
denitrifying bacteria. In addition, the presence of high nitrite/nitrate concentration leads to a high 
typical nosZ gene expression in denitrifying bacteria which is responsible for the reduction of N2O 
into N2.” From Otte et al. (2019) 
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Summary of the subsection 
In nature, microorganisms form complex networks that link N-transforming processes. They 
produce and consume N2O. Denitrification has been shown to be the main source of the initial 
N2O pulse after fertilisation (or urine deposition) and irrigation from subtropical pastures 
(Friedl et al. 2016). Multiple pathways are involved in the production and consumption of N2O 
that can occur simultaneously in different micro-environments within the same soil. There 
exists a considerable challenge in allocating their relative contributions. Furthermore, these 
processes, are ‘soil factor’ dependent (Figure 11). In order to reduce N2O emissions, there is 
a need to better understand the factors influencing those processes. The next subsection is 




Figure 11: Possible ecological niches for the different microbial processes involved in the N2O 
emissions (Wrage et al. 2001)  
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 The balance between saturation and aeration 
in the soil and its impact on N2O production 
pathways 
The previous subsection highlights the importance of the microorganisms’ pathways and more 
specifically the denitrification and nitrification processes in the soil for the production of N2O 
emissions. Spatial variability of N2O production in soils is high, varying with climate, soil type, 
and farming systems, all of which lead to an increasing challenge in terms of estimating the 
contribution of soil N2O emissions to global warming. The challenge is all the greater given 
that this high spatial variability can be observed in the scale of a field or even an experimental 
plot (Figure 12). Oxygen availability, soil redox potential (electron acceptor/donor), and 
availability of substrates are the main drivers and regulators of the microbial processes involved 
in N2O production (Senbayram et al. 2009) and potentially explain these observed spatial 
variabilities in the soil. The soil redox potential and substrate (mainly C and N compounds) 
influences on denitrification and nitrification have been discussed above. This section will 
examine the importance of O2 availability in controlling N2O production in farming systems. 




 Soil aeration and water content, and their effects on 
N2O emissions 
 “Soil systems provide integrated functions that are greater than the sum of their parts” 
(Needelman, 2013). As noted above (Section II.2, Figure 5) different microbial pathways 
produce N2O in the soil depending on the soil’s oxic, hypoxic or anoxic status (Hallin et al. 
2018). Therefore, O2 supply is a key determinant of the biological pathways producing and 
consuming N2O in soils (Wrage-Mönnig et al. 2018). Nitrification and denitrification respond 
differently to soil water status, largely due to the effect of soil water content on O2 diffusion in 
soil and on the gaseous and aqueous diffusion of substrates and products associated with these 
biological processes (Farquharson and Baldock 2007).  
Soil is a material composed of five ingredients: minerals, soil organic matter, living organisms, 
gas, and water. The soil system consists of three basic phases: solid, liquid and gas. When 
subjected to closer scrutiny, the soil is a complex network with half the volume being inorganic 
mineral particles of different sizes. The other half, the pores holding water or gas, that which 
Figure 12: Spatial 
distribution of N2O emissions 
in a field plot experiment 
(n=36). (Mathieu et al. 2006) 
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is not water is gas and vice versa, hence there is a relationship between soil air content (Ɛ, cm3 
air cm-3 soil) and soil water content (θv, cm3 water cm-3 soil) as follows: 
Ɛ =  𝛷 −  𝜃𝑣 (1) 
Where Φ (cm3 pores cm-3 soil) is the soil total porosity. 
The pore system is essential for drainage, aeration and root growth (McLaren and Cameron 
1996). The proportion of O2 and water in the pore space is altered by soil management and 
climate as a result of rainfall and irrigation events and will depend on the soil structure. The 
storage and movement of water and O2 in any particular void of the porosity of a soil is related 
to the size of that void and also to its generally irregular geometry (Beven and Germann 1982). 
Well-structured aggregated pasture soils will typically have two distinct pore regions: the inter-
aggregate regions which include the pore space between the aggregates, and intra-aggregates 
regions which include the pore spaces within individual soil aggregates (Ghezzehei 2012). 
These aggregates, as the pores, follow a hierarchical order of size and the smaller order particles 
do not contain the larger pores that exist in higher order particles. Elliott and Coleman (1988) 
proposed the following pore categories: (a) macropores (radii > 75 µm), (b) 
intermacroaggregate pores, (c) intramacroaggregate or intermicroaggregate pores, and (d) 
intramicroaggregate pores (radii < 30 µm). 
Only the larger pores (macropores) also called transmission pores are effective in drainage 
(McLaren and Cameron 1996). The smaller pores, micropores, are effective to store water. 
They are generally found within, rather than between, the soil aggregates.  
Water‐filled pore space (WFPS), the ratio of volumetric moisture content to total porosity, has 
been widely used as a key parameter to describe the degree of moisture available in soil, and 
as a predictor of N2O fluxes. Emissions of N2O have been reported to result from denitrification 
over a range of 70–80% WFPS depending on soil type (Butterbach-Bahl et al. 2013). At higher 
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soil moistures, the major end product of denitrification favours N2. Indeed, Friedl et al. (2018) 
show in their rewetting study that at 95% and 80% WFPS, denitrification was dominated by 
N2 emissions, with the N2/(N2+N2O) ratio ranging from 0.5 to 0.9 while at 60% and 40% 
WFPS, the N2/(N2+N2O) ratio ranged from 0.2 to 0.3, showing that N2O was the main product 
of denitrification. Similar results were reported by Guo et al. (2013). The production of N2 at 
high WFPS is further facilitated by the associated decrease in gas diffusion that occurs under 
pronounced moisture conditions, which increases the retention time of N2O and thus provides 
further time for N2O to be denitrified to N2 (Klefoth et al. 2014).  
While N2O emission from nitrification, occurs when the soil is between 35 and 60% WFPS 
(Bateman and Baggs 2005). Optimum WFPS for nitrification has been reported to be 55% for 
fine textured soils and 40% WFPS for coarse textured soils (Parton et al., 2001). Under high 
soil moisture, most of the soil pore spaces are occupied by water, and this negatively affects 
soil aeration and nitrification because of the lack of O2. Indeed, Sexstone et al. (1985) measured 
an average intra-aggregate O2 diffusion coefficient of 8.5 x 10-6 cm2 s-1 for water-saturated 
aggregates. Diffusion of O2 in water is slower than the diffusion in air by a factor of 104 times 
(Thorbjørn et al. 2008) so when O2 is forced to diffuse through water saturated pores, this 
restriction on O2 transport quickly leads to anaerobic conditions; unsuitable for nitrification. 
Moreover, slow rates of gaseous diffusion within soil micropores can also result in the 
development of anaerobic conditions favourable for some N2O production pathways (i.e. 
denitrification, DNRA). The difference in the concentration of a particular gas in one zone 
compared with any other zone (i.e. pores/ atmosphere) in the soil results in the movement of 
that gas by a process called diffusion (McLaren and Cameron 1996). Soil moisture strongly 
influences not just the N2O production but also its diffusion to the atmosphere (Davidson and 
Swank, 1986). The process of diffusion can be presented by a flow equation; Fick’s law, in 
which the driving force is the gas concentration gradient: 
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Where qd is the diffusive flux (mass diffusing across a unit area per unit of time), Dg the gas 
diffusion coefficient and dc/dx is the concentration gradient of the gas.  
Soil gas diffusion governs a number of key soil ecosystem services including soil aeration and 
related crop productivity, and the uptake and emission of GHGs like CO2, CH4 and N2O from 
soils. There is an increasing awareness that soil-gas dynamics and soil diffusion processes play 
an equally important role for soil ecosystem services (Rolston and Moldrup 2002). Soil gas 
diffusion is, by extension, controlled by soil water and soil structure. Soil structure is the 
combined effect of factors that include pore size structure, soil bulk density, tortuosity, pore 
connectivity, organic matter content and texture. Higher θv in the soil generates a decrease in 
soil gas diffusion, specifically due to the water bridges between soil particles causing water 
blockage for gas transport (Moldrup et al. 2000). The diffusion of a gas in soil is controlled by 
the magnitude of the soil-gas diffusion coefficient (Dp, cm3 air cm-1 soil s-1), typically 
represented by relative soil-gas diffusivity (Dp/Do), the ratio between gas diffusion coefficient 
in soil and pure air (Do, cm2 air s-1). 
 
 How useful is WFPS for predicting N 2O emissions?  
When water is applied to a dry soil, a certain amount will be absorbed or stored before drainage 
starts. Water is held in soil pores and on the surface of soil materials. Water molecules are 
polar. From this polarity results the attraction of water molecules for each other (cohesion) and 
for other surfaces (adhesion) such as negatively charged soil mineral surfaces (Figure 13). The 
principle of ‘capillarity’ explains why soil is able to hold water against the force of gravity 
(McLaren and Cameron 1996). The smaller the pore diameter the greater the rise of water due 
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to capillarity. The soil particles are randomly arranged in the soil and as a result the pore-size 
distribution is also in a random distribution. The pore-size distribution will impact the drainage 
process of water through soil with drainage of water in micropores requiring the most suction 
(Chen et al. 2019). As showed in Figure 13 on the water retention curve, the water from inter-
aggregate regions and between soil particles (silt or sand grains) will be the first to drain, 
followed by the meniscus water and finally the water in micropores (intra-aggregates).   
 
A commonly used indicator to describe the soil water content in the soil is: WFPS. Expressed 
as a percentage, WFPS is the ratio of volumetric soil water content to total soil porosity, as 
follows:  
𝑊𝐹𝑃𝑆 (%) =  
𝜃𝑣 (𝑐𝑚
3 𝑤𝑎𝑡𝑒𝑟 𝑐𝑚−3 𝑠𝑜𝑖𝑙)
ф (𝑐𝑚3 𝑣𝑜𝑖𝑑𝑠 𝑐𝑚−3 𝑠𝑜𝑖𝑙)
 × 100 (3) 
Where θv, the volumetric water content is the volume of liquid water per volume of soil; Φ, is 
the soil porosity related to soil bulk density (ρb) and particle density of the soil’s solid fraction 
(ρd) with the latter often approximated by the value 2.65 g cm-3. 
Figure 13: Diagram of the two different type of water held in soil pores between or within aggregates 
(left). Drainage process of water in soil (right) from Chen et al. (2019)  
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As mentioned above (Section II.3.1), soil WFPS has been used to describe microbial pathways 
and their correlated N2O emissions, for many years (Linn and Doran 1984). WFPS has also 
been used as an indicator in various models, e.g. SPACSYS model (Wu et al. 2015) or NOE 
model (Hénault et al. 2005), to estimate the influence of environmental properties and soil 
management practices on N2O emissions. However, Farquharson and Baldock (2007) state that 
“WFPS does not quantify the entire fraction of the soil volume filled with water or air and 
hence is not directly proportional to the diffusion of gases and solutes regulating process rates 
across soils with different total porosity”. Studies have demonstrated that the use of WFPS to 
describe processes in a soil with different bulk densities are inadequate (Farquharson and 
Baldock 2007; Balaine et al. 2013) because soils with different soil ρb will have different 
volumes of air and water at any given value for WFPS (Figure 14). At constant WFPS (e.g. 
60%, Figure 14), the air filled pore space will vary depending on the soil bulk density with 
values decreasing while bulk density increases (Figure 14, orange arrows). Moreover, studies 
(e.g. Sexstone et al. 1985) have shown significant rates of denitrification in unsaturated soil 
(medium WFPS) which can be explained by slow O2 diffusion caused by an unappropriated 
pore connectivity or tortuosity, and/or by fast O2 consumption by microorganisms.  
Consequently, aerobic or anaerobic environments are ultimately determined by O2 
concentration rather than water content directly.  
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 A promising indicator: Dp/Do  
Soil gas diffusivity is a function of porous media characteristics facilitating diffusive gas 
migration, namely the air‐filled porosity, and the tortuosity of the functional gaseous pore 
network. Soil gas diffusivity is generally represented as relative gas diffusivity (Dp/Do). The 
soil-gas diffusion coefficient (Dp) is generally arduous to measure as it requires particular 
equipment in laboratory or under in situ conditions (Rolston and Moldrup 2002). Taylor (1950) 
used a Beckman O2 analyser, Ball (1981) used radioactive krypton-85 as a trace gas and Currie 
(1984) used a hot wire sensor to measure Dp/Do in the soil. In 1986, the first gas diffusion 
chamber was used by Rolston (1986) based on an N2 diffusion apparatus. For this study specific 
diffusion chambers were used and accurate determination of the O2 concentration in the 
chambers was critical to the success of the diffusion measurement. 
Figure 14: Variations in the volume fraction of air and WFPS for soils at different bulk densities. 
Erratum corrected (2009) from Farquharson and Baldock (2007). 
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Historically, predictive models have also been used to determine Dp/Do. Buckingham in 1904 
pioneered the research on soil gas diffusion. Since then, many models have been developed to 
relate Dp/Do with Ɛ and Φ, the main ones are listed in Figure 15.  
  






Figure 15: Gas diffusivity models: landmarks and their authors. 
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Until 1960, the models depended only on one parameter, Ɛ, and were obtained by fitting 
equations to the experimental data. The next generation of models included soil Φ along with 
Ɛ starting in 1960 with the Millington and Quirk models. However, these models were 
developed and based on assumed, ideal pore networks mostly resembling uniform sand or 
gravel. It was not until 2013 that Moldrup et al. (2013) found a flexible and easily applicable 
model that was successfully applied across soil types and conditions (repacked and intact soil) 
with the ability to express pore network complexity and water blockage effects for Dp/Do. By 
including the water blockage effects in their models, Moldrup et al. (2013) were able to predict 
Dp/Do for a range of soil ρb. 










With Dp the gas diffusion coefficient in soil (cm3 air cm-1 soil s-1), Do the gas diffusion 
coefficient in free air (cm2 air s-1), Ɛ soil air content (cm3 air cm-3 soil), Φ soil total porosity 
(cm3 soil pore space cm-3 soil), and P, x and Ta model parameters. Moldrup et al. (2013) tested 
different models for Dp/Do against observed Dp/Do data and concluded that the SWLR 
(Structure dependent Water-induced Linear Reduction) model was best at predicting Dp/Do for 
repacked and intact soils. SWLR uses P = 1, x = 1+CmΦ and Ta = 1. This model is the only one 
that introduces a porous media complexity factor (Cm) that is assumed to be related to soil 
density and thus total porosity. This complexity factor is designated to equal 1 or 2.1 for 
repacked or intact soil, respectively.   
Because Dp/Do accounts for pore connectivity and continuity of the functional gaseous pore 
phase, while WFPS does not (Farquharson and Baldock 2007), recent studies have recognised 
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that Dp/Do can be a better predictor of N2O fluxes than WFPS. For example, Van der Weerden 
et al. (2012) demonstrated a strong correlation between Dp/Do and log N2O emissions from 
NO3– applied to soil cores and found that there was a 4.8 fold decrease in N2O emissions with 
a small increase in Dp/Do. Using repacked soil cores, Balaine et al. (2013) found that while 
peak N2O emissions occurred at a given value of WFPS, this peak WFPS value varied markedly 
when comparing the same soil across a range of soil ρb. However, Dp/Do range variation was 
significantly narrower for the same different soil ρb values and all N2O peak emissions aligned 
with a value of Dp/Do of 0.006 (Figure 16). 
 
Chamindu Deepagoda et al. (2020) found measured N2O fluxes peaked around a diffusivity 
window of 0.005 to 0.01 for three intact pasture soils, where the corresponding WFPS ranged 
from 0.80 to 0.95. Promising correlations were also reported between Dp/Do and measured N2O 
fluxes from grazed pasture (Owens et al. 2017; Chamindu Deepagoda et al. 2019) with a 
similar range found. 
Soil-water characteristics, Dp/Do, and pore tortuosity/connectivity are strongly linked to the 
soil texture, thereby making N2O emissions also largely soil type dependent (Ding et al. 2019). 
Consequently more research is needed to better understand the relationship between Dp/Do and 
soil types. There is also a dearth of studies relating soil N2O emissions to Dp/Do data, 
Figure 16: Results obtained by Balaine et al. (2013) showing the relationship of measured N2O-N flux 
with water-filled pore space (left) and relative soil gas diffusivity (right) at varying soil ρb (Mg m–3). 
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specifically: detailed studies examining relationships between Dp/Do, WFPS and N2O fluxes 
for intact soils are required. 
 
 Physical and mechanical soil characteristics affecting 
water content and O 2  diffusion in the soil  
In an aggregated soil system, gas diffusion occurs predominantly inside the inter-aggregate 
pore space when intra aggregate pores are filled with water and when sufficient time has 
elapsed after rainfall or irrigation. Aggregate size distribution also affects inter aggregate 
drainage and thus gas diffusivity for example (Jayarathne et al. 2020a). Hence, soil gas 
diffusion is strongly dependent on soil physical properties such as soil texture, structure, total 
porosity, moisture content and organic matter content (Brady and Weil 2013).  
Soil texture is defined, as the percentage, of sand, silt, and clay sized particles in a given soil 
volume. Texture affects surface area and the distribution of pore size, which subsequently 
controls water retention and availability. Soils with smaller particles (e.g. clay and silt) have a 
larger surface area than those with larger sand particles and hold more water by capillarity 
(McLaren and Cameron 1996). The literature provides evidence for higher N2O emissions from 
fine‐textured soils than from coarse‐textured soils (e.g. Pelster et al., 2012). This is due to the 
anaerobic microenvironments available in fine‐textured soils that occur as a result of the large 
number of small pores present; these microenvironments favour denitrification‐mediated N2O 
production. Moreover, the portion of macropores is also strongly correlated to the soil ρb; 
higher soil ρb results in a lower percentage of macropores in the soil (Ruser et al. 2008). The 
portion of freely draining macropores is crucial for the aeration of a soil. Indeed, Horton et al. 
(1994) reported a sharp decrease of water infiltration with increasing soil ρb, resulting in water 
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logging after heavy rainfall events. Modification of the soil structure due to compaction, limits 
gas transport in the soil, since it decreases air-filled pore spaces where gas diffusion occurs. 
Movement of agricultural machinery is one example that increases the soil ρb, and causes O2 
diffusion rates to decrease (Horn et al. 2000; Czyż 2004).  
Organic matter percentage also influences water-holding capacity: as the percentage increases, 
the water-holding capacity increases because of the affinity that organic matter has for water 
(Rawls et al. 2003). Rawls et al. (2003) are one of many, to prove this relationship with all 
soils showing an increase in water retention with increasing organic matter content. However 
the amplitude of variation was higher in sandy and silty soils and a decrease was observed for 
the fine-textured soils with low organic carbon content (Minasny and McBratney 2018). 
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 Irrigation systems; an option to reduce 
agricultural N2O emissions? 
 World’s need for irrigation  
Irrigation is the artificial application of water to the soil. Irrigation is usually used in areas 
where irregular seasonal rainfall or droughts are expected and where agriculture needs cannot 
be sustained by rainfall alone. Irrigation is a tool that has been used for centuries and 
increasingly sophisticated methods have been developed. Irrigation systems can lift yields and 
provide for reliable production. Currently, irrigation for primary production is the world’s 
largest user of fresh water (UNESCO 2017). During the twentieth century, the amount of 
irrigated land in the world increased exponentially with a rapid expansion from 1950-1960 
(Freydank and Siebert 2008). An estimated 21% of the World’s cropland is now irrigated (FAO 
2012) and in developing countries, irrigated agriculture accounts for 40% of all crop production 
and almost 60% of cereal production (FAO 2012). In New Zealand, some 77% of allocated 
water is for irrigation (Minister for Environment, 2006).  
Irrigation in agriculture plays a vital role in meeting the global food demand of a growing 
population in the context of climate change. It is projected that the World’s average temperature 
could rise by 0.2 oC over each of the next two decades, and by 1.1 up to 6.4 oC this century. 
New Zealand is not protected from the effects of global climate change and its climate patterns 
are also changing. It is likely that the country can expect more frequent droughts and floods, 
rising sea and snow levels, and changing rainfall patterns with higher or lower levels depending 
on the region (New Zealand and Statistics New Zealand 2010). The National Institute of Water 
and Atmospheric research (NIWA) investigated different climate change projections and 
predicted increasing drought in the eastern regions of New Zealand. For example, in 
Chapter II  
49 
 
Canterbury, which already has a high annual average Potential Evapotranspiration Deficit 
(PED) of 322 mm, climate projections indicate the PED will increase by over 180 mm in 2080 
(Mullan et al. 2005). Consequently, the demand for water, both the availability and quality of 
the resource, will increase in the agricultural sector.  
Poor irrigation management can also lead to negative environmental impacts like waterlogging, 
river pollution, increase in GHG emissions, water wastage and the budgetary costs associated 
with irrigation (FAO 2012). Irrigation itself can affect GHG emissions by altering the capacity 
of the soil to act as a sink or source of N2O and CO2.  
 
 Impacts of irr igation systems on N 2O emissions 
Irrigation, often represents a large and a sudden increase in the amount of water which would 
normally pass through a soil profile under natural conditions, and has the capacity to accelerate 
mineral weathering, to transport and leach soluble and colloidal material, to change soil 
structure and moisture content. When irrigation is applied to the soil, the soil pores fill with 
water. After gravitational drainage, the large soil pores are filled with air and water-films, while 
the smaller pores are still full of water. At this stage, the soil is said to be at field capacity (FC). 
At field capacity, the water and air contents of the soil are considered to be ideal for crop 
growth. In a conventional irrigation system, farmers apply uniform irrigation across every part 
of the farm without considering the variabilities of the field and the water need of the 
crop. Therefore, this method has a reduced water-saving capability and can cause over-
irrigation in some parts of the farm. 
Soil moisture has been identified as one of the most sensitive factors regulating N2O emissions 
from farmed soils (Section II.3) since it directly regulates O2 availability in soil pores, which 
determines the activity of nitrification and denitrification within the soil profile (Schindlbacher 
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et al. 2004). Irrigation and rainfall events displace air from soil pores, creating the anaerobic 
conditions required for the activity of denitrifying microorganisms. Studies focussing on the 
role of irrigation cycles on N2O losses have measured high denitrification pulses following 
fertiliser application, which can account for up to 90% of annual N2O losses (Scheer et al. 
2008; Trost et al. 2013). Trost et al. (2013), by comparing N2O emissions from irrigated and 
non-irrigated fields, showed that availability of reactive N compounds increased N2O 
emissions under irrigation, in most cases (Figure 17). 
 
Irrigation will not only affect soil N2O emissions via the amount of water applied in the system 
but also via the frequency of the application in the system. 
The drying down of soil following rainfall or irrigation results in mineralisation of soil organic 
matter (Birch 1958). When the soil is rewetted there is a burst of CO2, an effect previously 
Figure 17: Changes (mean, minimum maximum) in N2O emissions under irrigation compared with 
non-irrigated conditions, based on six investigations (Trost et al., 2013). 
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described as the “Birch effect” (Birch 1958; Bloem et al. 1992; Franzluebbers et al. 2000). 
During their study on the effect of irrigation scheduling on N2O emissions, Mumford et al. 
(2019) suggested that higher N2O emissions observed in a low irrigation frequency treatment 
(15 days interval) could be explained by the Birch effect. 
Studies on arid and semiarid desert ecosystems demonstrate that wetting of previously dry soil, 
also has significant consequences for biological processes (such as respiration, photosynthesis 
and biological N fixation) which become active within seconds to hours after wetting (Austin 
et al. 2004; Abed et al. 2013). As a consequence of the high respiration activities, O2 becomes 
limiting very rapidly, resulting in the formation of anoxic microsites (Garcia‐Pichel and Belnap 
1996) and thereby conditions become suitable for anaerobic processes such as denitrification 
and increasing N2O emissions. Thus, application of water by irrigation and consequently higher 
soil moisture enhances soil microbial activity.  
Wetting and drying cycles help also to break down clods of soil and produce finer aggregates 
(McLaren and Cameron 1996). Drying the soil assists in the aggregation of the soil into micro 
aggregates and wetting will cause the clay on the outside of a clod to swell quickly and crack 
by pressure differential. These mechanisms will cause rearrangement of particles promoting 
interparticle bonding that can have an impact in the gas diffusion. Soil strength is also known 
to decrease rapidly with increasing water content so that wet soil is generally more vulnerable 
to structural damage from mechanical stresses or animal disturbance. This loss of strength is 
due to the softening of cementing agents and the general weakening of cohesion between 
particles (Marshall et al. 1996). Irrigation places a number of stresses on soil structure and this 
can impact N2O emissions.  
When all these factors are considered, it is clear that irrigation has the capacity to change soil 
properties and influence N2O production in soil.  
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 Development opportunities to reduce N 2O 
production from agriculture with a focus on irrigation 
management 
The changing times invite discussion of the sustainability of irrigated agriculture in a future 
where climate change is occurring, where global freshwater resources are becoming 
increasingly limited and where environmental pressures from legislation and the demand for 
food continue to increase. These pressures for improved quality and yield, for the profitable 
and efficient use of water and for the minimization of the environmental impacts, including 
N2O emissions and N leaching, will lead to future changes in irrigated agriculture. 
To mitigate N2O emissions, research over the past recent decades has mainly focused on 
reducing the rate of nitrification with fewer studies examining controls on the denitrification 
level. Strategies to prevent N2O emissions can be targeted at i) the input stage by minimising 
the N inputs to increase the NUE, improving fertiliser management, and using NI, or ii) at the 
output stage by decreasing the N2O/N2 ratio by ensuring the movement of N back to the 
atmosphere as N2 or by reducing the sub-optimal conditions for nitrifiers and denitrifiers. 
Reduced N inputs means reduced N output and potentially decreased N2O emissions. The 4R's 
of nutrient stewardship, or nutrient management demonstrates that farmers are willing to 
improve their nutrient applications. The 4R's stand for right source, right rate, right time, and 
right place and serve to guide farmers to the management practices that help keep nutrients on 
and in the field. However, minimising the N inputs is a delicate task considering that global 
agriculture and food supply is dependent on N inputs. Though the necessity of N inputs cannot 
be refuted, there are opportunities for the reduction of the total food chain production by 
reducing food waste and the meat consumption as plant products, even on protein basis, 
generally offer lower N footprints than meat (Pierer et al. 2014). The footprint indicators, trace 
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the losses of Nr which act as greenhouse gases and deplete stratospheric ozone (e.g. N2O) or 
contribute to the formation of particulate matter, the acidification of soils and water bodies and 
the eutrophication of ecosystems (NHx, NO3–). Thus, whereas N is crucial to sustain life on our 
planet, it is imperative to use it efficiently in the system (NUE) in order to prevent losses to the 
environment and the resulting negative impacts. Enhanced research has aimed to increase NUE 
of the plant and livestock while reducing Nr losses. With an average of only 30%–50% of N 
being taken up by the plant depending on the species and cultivar (McAllister et al. 2012) and 
an even lower average for dairy production which only convert 16 to 36% of feed (ratio of N 
in livestock products to the N input in feed) (Powell et al. 2010), there is room for improvement. 
The potential approaches to increase the NUE promoted in the past and for the future are the 
implementation of the 4R’s of nutrient stewardship mentioned earlier (Noor 2017), 
development of advanced molecular breeding and transgenic plants to increase the use of N or 
biological fixation (Perchlik and Tegeder, 2017 for example) and livestock or the use of NI as 
mentioned in II.2.2.a section. 
Suggestions can made on the potential of decreasing the soil N competition between plants and 
microorganisms to favour the plant NUE. Much of this competition contribution can be 
attributed to the anaerobic denitrifiers who favour the movement of fixed N in the soil back 
into the atmosphere (Thomson et al. 2012). Inherent to the denitrification process is also the 
enzymatic potential for further reduction of N2O to N2, so instead of decreasing N2O 
production, an alternative solution to reduce emissions could be to encourage an equal amount 
of N2O reduction to N2. Complete denitrification which is known to be another important factor 
of N2O productions has been under explored in prior researches. Nitrous oxide reductase 
activity is particularly sensitive to environmental conditions and amongst them the O2 
availability (Balaine et al. 2016). A general consensus is emerging that further research on 
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understanding the sub-optimal conditions for both nitrifiers and denitrifiers that promote N2O 
production is needed.  
The importance of N2O emissions has led to the development of a variety of modelling 
frameworks trying to estimate the influence of soil management practices and the soil 
environment.  
This thesis focuses on progressing a further understanding of the O2 availability conditions 
based on soil gas diffusion in terms of the processes responsible for N2O production and sinks 
in the soil with regards to irrigation management practices.  
It is estimated that over 70% of global freshwater is consumed by irrigation. It is a context of 
rapid expansion of irrigation during the 20th century that motivates this research into the 
potential impacts that modern irrigation rates have on climate change. Farmers have slowly 
shifted from irrigation scheduling based on experience and assumptions to irrigation 
scheduling based on real-time soil-water monitoring to partially implement irrigation based on 
irrigation-decision support systems. However, such irrigation monitoring systems are often 
based on perceived plant growth requirements and soil water content and not on soil nutrient 
cycles or O2 availability. As seen earlier, studies have shown an effect of varying irrigation 
frequency on N2O emissions. However, Dp/Do has not been routinely measured in irrigation 
studies either because WFPS or air content are considered easier to calculate or because Dp/Do 
has simply not even been considered. 
Moreover the potential for improved soil moisture management to reduce N2O losses has been 
highlighted (Jamali et al. 2015, 2016; Mumford et al. 2019) but is still yet to be confirmed and 
ideally an improvement in crop NUE to be demonstrate. On top of this, optimal irrigation 
practices could lead to savings in N fertiliser and water use and have the potential to be adopted 
widely by farmers.   
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 Scope of this thesis  
Crop irrigation management practices are key for the sustainable use of water. By 2025, 1.8 
billion people will be living in countries or regions with absolute water scarcity, and 2/3 of the 
world’s population could be living under water-stressed conditions (UN-Water and FAO 
2007). Perhaps the optimisation of irrigation sits at the coalface to the ever-drying climate 
crisis and could be one of several solutions to decrease water waste while mitigating N2O 
emissions?  
Relative gas diffusivity describes the diffusion of gas through soil relative to air. It enables the 
prediction of conditions aligned to N2O generating processes that are affected by O2 supply. 
Given that Dp/Do has been shown to be a highly sensitive predictor of denitrifying conditions 
the aim of this research is to investigate how irrigation can be effectively managed to maximise 
soil Dp/Do in order to minimise periods of anaerobic soil conditions that generate agricultural 
N2O emissions mainly via denitrification. Experiments will focus on testing how robust the 
previous Dp/Do thresholds found in the literature (cf. II.3.3) are as a predictor of N2O emissions 
and how Dp/Do might be used as a tool to trigger irrigation application. Field studies will also 
ascertain how Dp/Do influences N2O emissions following ruminant urine application and 
irrigation. Accompanying measurements will be taken on pasture dry matter (DM) yields and 
N content to assess N uptake and NUE, since soil gas diffusion not only influences soil 
microbial processes but also the root environment and thus plant growth. The potential loss of 
N from soil will also be determined within a pasture-soil system, in response to irrigation 
optimised with Dp/Do through a lysimeter experiment.    
The principal outcome of this project will be the possible demonstration of the use of a readily 
modelled variable Dp/Do, that relies on simple attainable inputs (bulk density and soil 
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moisture), that will enable users to manage irrigation inputs so that NUE and DM production 
are optimised while N2O emissions are mitigated and loss of water reduced.   
• Objective 1: To enhance the understanding of Dp/Do relative to N2O emissions and 
observe its consistency across different soil types, and compare data sets against 
existing prediction model for Dp/Do.   
• Objective 2: To understand how wetting and draining events (Dp/Do dynamics) 
influence N2O fluxes, and through the use of 15N also understand how soil N 
mineralization contributes to the N2O fluxes. 
• Objective 3: To better understand the effects of soil perturbations with ruminant urine 
and Dp/Do manipulation, and their interaction on temporal N flows (N2O flux dynamics, 
N leaching and plant N uptake). 
• Objective 4: To provide information on the sensitivity of N2O flux dynamics, within a 
pasture-soil system in response to optimisation of Dp/Do through irrigation.  
• Objective 5: To conclude on the outcomes of the four previous objectives for potential 
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 Abstract  
Nitrous oxide, a greenhouse gas, contributes to stratospheric ozone depletion. Agricultural 
fertiliser use and animal excreta dominate anthropogenic N2O emissions. Soil relative gas 
diffusivity has been used to predict the likelihood of soil N2O emissions, but limited 
information exists about how soil N2O emissions vary with soil type in relation to Dp/Do. It 
was hypothesised that regardless of soil type the N2O emissions would peak at the previously 
reported Dp/Do value of 0.006. Four pasture soils, sieved and repacked to three different bulk 
densities (b), were held at nine different soil matric potentials between near saturation and 
field capacity. Soil nitrate and dissolved organic matter concentrations were adequate for 
denitrification at all soil matric potentials. Increasing soil bulk density and soil matric potential 
caused Dp/Do to decline. As Dp/Do declined to a value of 0.006 N2O fluxes increased, peaking 
at a Dp/Do value of ≤ 0.006. This study shows that the elevation of N2O fluxes as a Dp/Do 
threshold of 0.006 is approached, holds across soil types. However, the variability in the 
magnitude of the N2O flux as Dp/Do declines is not explained by Dp/Do and is likely to be 
dependent on factors affecting the N2O:(N2O+N2) ratio. 
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 Introduction  
Nitrous oxide is a potent greenhouse gas and currently the dominant ozone depleting 
substance (Ravishankara et al. 2009). Atmospheric concentrations of N2O have increased since 
preindustrial times by 23%, from 271 ppb to 333 ppb in 2020, due to land use and land use 
changes, especially in agriculture (Ciais et al. 2013; NOAA 2020). These agricultural 
emissions of N2O have been predominately driven by the use of nitrogen (N) fertiliser and the 
deposition of animal excreta (Davidson 2009). Emissions of N2O from agricultural soils arise 
from biotic and abiotic processes. Key biological pathways include nitrification, nitrifier-
denitrification and denitrification (Zumft 1997; Wrage-Mönnig et al. 2018; Stein 2019). The 
relative dominance of a given biological pathway depends on substrate supply and the O2 status 
of the soil. In well-oxygenated agricultural soils, fertiliser or excreta derived ammonia is 
oxidised, ultimately to nitrate (Figure 7). Under conditions of high ammonium supply, for 
example following urea fertiliser application, autotrophic ammonia oxidising bacteria (AOB) 
dominate nitrification (Hink et al. 2018) with N2O emissions resulting from biotic and abiotic 
reactions of the intermediary metabolites (Stein 2019). Hypoxic conditions stimulate AOB to 
perform nitrifier-denitrification (Stein 2019). If the soil becomes anaerobic heterotrophic 
denitrification becomes the dominant process producing N2O (Zhu et al. 2013; Butterbach-
Bahl et al. 2013, II.2.2). Denitrification requires both a carbon (C) source and nitrate, or one 
of the obligate intermediary N compounds in the denitrification sequence, as substrates. Thus, 
production of N2O from an agricultural soil is highly dependent on the soil’s O2 status, N 
substrate availability, and in the case of denitrification also the C supply.  
Because the diffusion of a gas through water is ~1x104 times slower than in air, the 
effective diffusion coefficient for O2 in soil is proportional to the volume fraction of soil that 
is water-filled (Farquharson and Baldock 2007). Consequently, measures of soil water content, 
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such as water-filled pore space (WFPS), have often been used as a predictor for determining 
the occurrence of denitrification. Farquharson and Baldock (2007) queried the use of WFPS as 
a predictor for N2O emissions because WFPS is a normalised dimensionless value that fails to 
quantify the fraction of the entire soil volume that is filled with water, or air (Figure 14), and 
thus it is not directly proportional to the diffusion of gases. Hence, while adequate for 
comparing processes in a single soil with a constant soil b it becomes problematic when 
comparing soils with varying soil b. This was also demonstrated by Balaine et al. (2013) who 
showed that soil repacked to varying soil b, and maintained at different moisture contents, 
resulted in peak N2O emissions occurring across a relatively wide range of WFPS (Figure 16). 
Above an upper limit of WFPS strongly anaerobic conditions also induce full denitrification, 
with N2O reduced to dinitrogen (N2). Farquharson and Baldock (2007) went on to suggest that 
measures of soil water content should be linked to structural parameter(s) to better describe gas 
diffusion in soils. Relative soil gas diffusivity accounts for pore connectivity and continuity of 
the functional gas pore phase: where Dp is the gas diffusion constant in the soil (m3 soil air m-
1 soil s-1) and Do is the gas diffusion coefficient of the same gas in free air (m2 air s-1). 
Accordingly, Balaine et al. (2013) were able to show that peak N2O emissions were poorly 
explained by WFPS while a strong linear relationship (P < 0.01, r2 = 0.82) with Dp/Do was 
observed. Moreover, these N2O peaks emissions from a soil repacked to varying soil b and 
held over a range of soil moisture contents aligned with a threshold value of Dp/Do, equal to 
0.006. Furthermore, Balaine et al. (2016) found that when examining cumulative N2O 
emissions over 35 days there was an increase in N2 emissions at Dp/Do values < 0.006. 
Stepniewski (1981) reported that at a Dp/Do value < 0.02 soils became anaerobic for plant roots. 
Friedl et al. (2018) confirmed a Dp/Do threshold value (0.006) for denitrification-derived N2O 
after applying ammonium-nitrate to subtropical pasture soils with maximum N2O emissions at 
Dp/Do = 0.006 on day 1 of the study. However, on day 2 the N2O emissions reached their 
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maximum at Dp/Do = 0.0068 with the shift thought to result from residual O2 at day one and 
increasing anaerobic conditions on day 2, resulting in the enhanced reduction of N2O to N2 
and/or the entrapment of denitrified N2O in the soil. Thus the relationship between Dp/Do and 
N2O flux potentially alters with biological O2 demand. After incorporating high C residues into 
a cropping system high N2O fluxes were observed at calculated Dp/Do values > 0.02, a value 
considered as a threshold for anaerobiosis (Stepniewski 1981), which was postulated to be due 
to the high C inputs increasing O2 demand and denitrification activity (Petersen et al. 2013). In 
grazed pastures C inputs include root exudation and mineralisation of soil organic matter and 
these will vary with climate, soil fertility, management and soil type. Hence, the laboratory 
defined threshold for peak N2O emissions, recorded by Balaine et al. (2013) for only one soil, 
may shift due to increased O2 demand in different soil types. Interestingly, however, Owens et 
al. (2017) found that after applying ruminant urine to a pasture soil in situ, that the N2O 
emissions only increased substantially when Dp/Do values declined to ~ 0.006, consistent with 
the laboratory observations of Balaine et al. (2013; 2016) and Friedl et al. (2018). Further 
evaluation of N2O emissions in relation to Dp/Do, under controlled conditions for a range of 
soils, is still required to better understand the robustness of this threshold. 
Thus, the objectives of this experiment were to further evaluate soil Dp/Do in relation to the 
occurrence of N2O emissions, under controlled conditions, across a wider range of soils, under 
a range of soil bulk densities and moistures in order to better validate the results obtained by 
Balaine et al. (2013; 2016). It was hypothesised that  
i) the interactive effects of soil bulk density and water content on Dp/Do, would result 
in elevated emissions of N2O when the value of Dp/Do declined to a threshold close 
to 0.006,  
ii) the robustness of Dp/Do as an indicator for N2O emissions would be consistent 
across different soils and,  
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iii) Dp/Do would indicate the onset of elevated N2O emissions better than WFPS. 
 
 Materials and methods  
 Soil collection and experimental design  
Four pasture soils were sampled (0-15 cm depth) in spring 2017: a Wakanui silt loam (Mottled 
Immature Pallic Soil) was collected from the dairy farm at Lincoln University (43°38'41.3"S; 
172°26'34.6"E); a Waipara loam soil (Mottled-argillic Fragic Pallic Soil) was collected from a 
hill country farm at Limeworks Road, North Canterbury (42°58’2.28”S; 172°38’19.68”E); a 
Temuka silty loam (Typic Orthic Gley Soil) was collected from a dairy farm near Lincoln 
(43°39’11.88” S; 172° 29’ 22.92” E); a well-drained Otorohanga loam, (Typic Orthic 
Allophanic Soil), was collected at Ruakura, AgResearch, Hamilton. (37°46'44.9"S 
175°18'47.6"E). Soil classifications are as defined by Lilburne et al. (2012). Soils were air-
dried and sieved to ≤ 2 mm and the gravimetric water content was determined (Blakemore et 
al. 1987). Soil particle densities (ρd) and particle sizes (Table 2) were analysed using 
recognised methods (Hao et al. 2008; Kroetsch and Wang 2008). The soil particle density for 
each soil was determined using pycnometers (Flint and Flint 2002). The pycnometers 
containing 10 g of air-dry soil sample were half filled with de-aired distilled water. Any soil 
adhering to the inside of the neck of the pycnometer was washed down. The entrapped air was 
removed by placing the pycnometer into a vacuum chamber (Figure 18) and by slowly applying 
a vacuum while being careful not to let the bubbles release soil from the bottle. Enough de-
aired water was then added to fill the pycnometer. Then the stopper was carefully inserted to 
force the excess water out of the capillary.  
The particle density (ρd) was calculated as follows:  





[(𝑊𝑠 − 𝑊𝑎) − (𝑊𝑠𝑤 − 𝑊𝑤)]
(5) 
where ρw is the density of water (g cm-3) at the temperature observed, Ws is the weight of the 
pycnometer plus soil sample corrected to oven-dry water contents, Wa is the weight of the 
pycnometer filled with air (g), Wsw is the weight of the pycnometer filled with soil and water 
(g) (Figure 18), and Ww is the weight of the pycnometer filled with water (g) at the temperature 
of the observation. 
 
Soil organic C contents (Table 2) were determined by loss on ignition (Blakemore et al. 1987). 
Repacked soil cores were constructed by compacting sieved soil to a depth of 5 cm into 
stainless steel (SS) rings (7.3 cm internal diameter, 7.4 cm deep) at b designated by treatment. 
The SS-rings had a fine nylon mesh placed over the bottom of the ring to prevent soil egress. 
  
Figure 18: Stoppered bottles used in the pycnometer method to determine particle density (left) and 
the vacuum chamber setup used to remove the air from the soil and the water (right).  
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Table 2: Soil (0-10 cm) texture, particle density and carbon contents. Texture analyses were 
performed using a laser diffraction particle analyser (Mastersizer 3000, Malvern Panalytical)  
 
 Wakanui Waipara Temuka Otorohanga 
 IUSSa USDAb IUSS USDA IUSS USDA IUSS USDA 
Clay (%) 22.3 22.3 9.9 9.9 14.5 14.5 11.3 11.3 
Silt (%) 53.4 72.1 22.2 46.8 34 55.7 39.7 66.6 




2.59 ± 0.01 2.65 ± 0.02 2.61 ± 0.02 2.46 ± 0.02 
Carbon (%)d 1.57 ± 0.06 1.17 ± 0.15 1.85± 0.10 2.21 ± 0.12 
aInternational Union of Soil Science (Clay 0-2 µm, silt 2-20 µm, and sand 20-2000 µm),  
bUnited States Department of Agriculture (Clay 0-2 µm, silt 2-63 µm, and sand 63-2000 µm) U.K.),  
cHao et al. (2008),  
dBased on loss on ignition (Blakemore et al., 1987). 
 
 
The experimental design consisted of 4 soils, 3 levels of soil b for each soil, and 9 levels 
of matric potential (-0.5, -1.0, -2.0, -3.0, -4.0, -5.0, -6.0, -8.0, and -10.0 kPa), replicated four 
times. Soil  b treatments for the Wakanui, Waipara, and Temuka soils were set at either 1.0, 
1.1 or 1.2 Mg m-3. However, due to the allophanic nature of the Otorohanga soil and the 
relatively high organic matter content it could not be packed at 1.2 Mg m-3 and so the soil b 
treatments for the Otorohanga soil were set at either 0.9, 1.0, or 1.1 Mg m-3.  
So that the soil cores had excess NO3–-N substrate available for denitrification the soil 
cores were pre-soaked in a KNO3 solution (1800 µg mL-1 NO3––N) for 2 days prior to being 
placed on the tension tables. The aim of this was to better enable observations of the effects of 
soil characteristics (bulk density, matric potential and organic matter content) on N2O 
emissions. Soil tension tables (Figure 19) were prepared as described by Romano et al. (2002). 
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They allowed soil drainage - water retention characteristics to be determined over the range of 
0 to -10 kPa. For this experiment, the tension table was made off one layer of sand and three 
layers of silica flour allowing a maximum suction of -10 kPa. Depending on the height of the 
water column between the water bottle reservoir and the porous barrier surface (Figure 19), 
different constant water suctions could be obtained up to approximately 1 m of ‘hanging’ water 
(-10 kPa).  
 
Soil cores were placed on the tension tables to equilibrate for 4 days. Before placing soils cores 
on the tension tables, 10 mL of the KNO3 solution were poured evenly across the tension tables 
to provide a good connection between soil cores and the tension table. Soil cores were weighed 
daily to determine when the equilibrium at the desired matric potential was achieved. It was 
physically impossible to run all soil cores simultaneously. Thus, a total of 108 soil cores (3 
levels of soil b x 9 levels of soil  x 4 types of soil) were on the tension tables at any given 
time (one replicate), with subsequent replicates run in batches (Balaine et al. 2013). Using a 
new set of cores, with air-dried repacked soil for each replicate, ensured that the initial soil 
Figure 19: Tension table setup 
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NO3– concentration and soil conditions were the same for each replicate. The tension tables 
were sited in a room where the temperature fluctuations were negligible (20 ± 1oC). 
 
 Nitrous oxide and relative gas diffusivity 
measurements 
Nitrous oxide fluxes were measured after soil cores had attained equilibrium on the 
tension table (4 days). Each soil core was placed in a 1 L mason jar, which was then sealed 
with an air-tight lid equipped with a septum. Gas samples (10 mL) were taken at 0, 15, and 30 
min after sealing using a 25G hypodermic needle attached to a 3-way stopcock that was in-turn 
connected to a 20 mL glass syringe (Figure 20).  
 
Collected gas samples were injected into pre-evacuated 6 mL Exetainer® vials. Immediately 
prior to analysis the gas samples were brought to ambient pressure and then analysed for N2O 
on a gas chromatograph (Clough et al. 2009a). Reference gases, N2O in N2 (0.2 ± 0.004, 1.0 ± 
0.01, 2.0 ± 0.04, 5.0 ± 0.1, supplied by BOC Gas New Zealand) were used for constructing 
Figure 20: Gas sampling setup showing soil cores inside gas-tight 1 L jars. 
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standard curves. The change in N2O concentration over time was used to calculate N2O fluxes 













FN2O = nitrous oxide flux (µg N2O-N m-2 h-1), 
C0 = N2O concentration at time to (µL L-1 = ppm), 
C1 = N2O concentration at time t1 (15 or 20 min) (µL L-1 = ppm), 
C2 = N2O concentration at time t2 (30 or 40 min) (µL L-1 = ppm), 
P = atmospheric pressure = 101325 (Pa), 
Vc = chamber volume (m3), 
Ac = chamber area (m2), 
Gc = Gas constant = 8.314 (J mol-1 K-1)  
Tk = absolute temperature at 0oC = 273.15 (K) 
Tc = air temperature (oC) 
M = molecular weight of N2O-N = 28.0134 (g mol-1) 
C = minutes/hour = 60 
to = start of cover period (min),  
t1 = t2 / 2 (min), 
t2 = total cover period =30 min. 
 




Measurements of Dp/Do were performed after N2O emission measurement using the 
method described by Rolston and Moldrup (2002). In brief repacked soil cores were positioned, 
isolated, inside a chamber that was flushed with an O2-free gas mixture (90% Ar and 10% N2) 
until the chamber was O2 free (Figure 21). Then, the soil core base was connected to the 
chamber, allowing ambient air to diffuse through the soil core into the chamber. A pre-
calibrated sensor (KE-12, Figaro Inc.) recorded the increase in the O2 concentration in the 
chamber. In the sensor, O2 molecules diffuse through a non-porous fluorine resin membrane 
into an electrochemical cell. The electrical current that flows between the electrodes (lead 
anode and gold cathode) is proportional to the O2 concentration. The signal was read as terminal 
voltages across the electrodes, with the change in output voltages representing the change in 
O2 concentration. Sensors were calibrated using an N2/Ar gas misture with 0% O2 and ambient 
air (0 and 21% O2, respectively). 
 
Figure 21: Diffusion chambers apparatus made O2 free containing a soil core and a KE-25 O2 sensors 
connected to a datalogger (not present in the picture).  
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Subsequently, the method of Rolston and Moldrup (2002) was used to calculate Dp/Do. The 
natural logarithm of the relative concentration of O2 in the chamber (ln Cr) was calculated 





Where Cg is the concentration of O2 in the chamber at a time t, C0 is the concentration of O2 in 
the chamber at the beginning of the experiment (= 0) and Cs is the O2 concentration (=20.9%) 
above the soil core. The linear slope of the plot of ln Cr vs. t was determined (Figure 22) and 





Then Dp was determined using the calculated value of ε and the value of α1 taken from Table 
46-1 in Rolston and Moldrup (2002). The soil gas diffusion coefficient in air (D0) was 
calculated according to the Currie (1960). 
 






















Figure 22: Example of ln (Cr) vs time graph plotted to measure the diffusion coefficient (Dp) in the 
soil cores. The black line was obtained by fitting linear regressions to the data. The linear slope of the 
line (= – 0.0144) corresponded to –Dp α12/ε. 
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 Soil analyses 
After taking N2O samples and measuring Dp/Do the soil cores were extruded into a Ziploc® 
plastic bag. The soil was well mixed before taking a 10 g subsample to determine gravimetric 
water content, at 105oC for 24 h. A calibrated flat surface pH electrode was used to measure 
the pH of the extruded-mixed soil (Broadley James Corp., Irvine, CA.). The equivalent of 4 g 
of dry soil were extracted with 40 mL of 2M KCl for 1 h to determine inorganic-N 
concentrations. After filtering (Whatman 42) the extracts were analysed for NO3–-N and NH4+-
N on a flow injection analyser (Blakemore et al. 1987). Soil inorganic N concentrations were 






N = inorganic N content (µg g-1 dry soil), 
Ni = inorganic N concentration in KCl extract (µg mL-1), 
V = volume of KCl extract (mL) and  
m = weight of dry soil (g) 
Similarly, dissolved organic carbon (DOC) was extracted using 5 g equivalent of dry soil and 
30 mL of deionised water shaken for 30 minutes prior to centrifugation (3,500 rpm for 20 
minutes) and filtration (Whatman 42), with analyses performed on a Shimadzu TOC analyser 
(Shimadzu, Oceania Ltd., Sydney, Australia). Soil DOC concentrations were determined using 
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C = dissolved organic C content (µg C g-1 dry soil), 
Ci = total C concentration in H2O extract (µg C mL-1), 
V = volume of H2O extract (mL) and  
m = weight of dry soil (g) 
 
 Statistical analyses 
Statistical analyses were performed using R studio (Version 1.1.447, RStudio Team 2016), also 
used to create the graphics presented in this thesis using “ggplot2” package. Before any 
statistical analysis were made, data were visually tested for normality, residual repartition and 
the homoscedasticity. The function “shapiro.test” was used to double test the normality of the 
residues. If the value of the Shapiro-Wilk Test was greater than 0.05, the data was normal. If it 
is below 0.05, the data significantly deviate from a normal distribution and then the best fit 
transformation was applied using the “bestNormalize” as a decision tool. The package is built 
to estimate the best normalizing transformation for a vector consistently and accurately. The 
log transformation was the transformation adopted for this thesis if transformation need it. The 
outliers in a linear regression model were detected by plotting the residuals vs leverage and 
using cook’s distance line as an indicator of the effect of deleting a point on the combined 
parameter vector.  
A repeated measures analysis, using two-way ANOVA, with matric potential and soil b as 
factors, was used to test for overall treatment differences between measured variables, with 
Tukey’s post-hoc test used to determine specific differences between means with the least 
significant set to 5% level. Comparisons were made between soil b treatments within soils and 
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across matric potential, and where common soil b occurred comparisons were made across 
soils. The variables used for the statistical tests are summarised in the Appendix 4 table.  
Most of the graphics present the averages of the replicates (minimum 3) and in the absence of 
any notification, the error bars are the standard error of the mean (s.e.m) and calculated as 
follows:  




With σ the standard deviation of the mean and n the sample size.  
 
 Results 
 Soil chemical and physical properties  
Soil pH varied with soil type (P < 0.05): averaged across soil matric potential the 
Waipara, Otorohonga, Temuka and Wakanui soils had soil pH values of 5.15, 5.28, 5.73 and 
6.00, respectively. As drainage increased (more negative soil matric potential) the soil pH 
within each soil also decreased (P < 0.05; Figure 23). The most significant decrease in soil pH 
was observed in the Wakanui soil: at -0.5 kPa, soil pH ranged from 6.34 to 6.41 and then 
declined to range from 5.67 to 5.70 at -10 kPa. For each soil type, increasing soil b generally 
resulted in an increase in soil pH at all levels of soil matric potential (P < 0.05; Figure 23). 




Soil DOC concentrations varied with soil type (P < 0.05): averaged across soil matric 
potential the Waipara, Otorohonga, Temuka and Wakanui soils had DOC concentrations of 75, 
114, 162, and 208 µg g-1 soil, respectively. These soil DOC concentrations either remained 
relatively stable (Temuka and Waipara soils) or tended to decline (Wakanui and Otorohanga 
soils) as soil matric potential became more negative (Figure 24), however, there was no 
significant interaction between soil b and soil matric potential on DOC concentrations within 
a given soil (P > 0.05). Neither soil b, or soil matric potential, caused significant changes to 
DOC concentration for the Waipara or Temuka soils (P > 0.1). However, in the Wakanui and 
Figure 23: Mean soil pH versus soil matric potential. Numerals in the legend indicate soil bulk density 
treatments applied (Mg m-3). Error bars = s.e.m, n=4. 
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Otorohonga soil, DOC concentrations varied with soil b (P < 0.05): DOC concentrations were 
higher for the highest soil b (1.2 and 1.1 Mg m–3) than for the lowest soil b (1 and 0.9 Mg m–
3). In these same soils the soil DOC concentrations were significantly lower at -8 and -10 kPa 
than at -0.5 and -1 kPa (P < 0.05, Figure 24). 
 
There was no consistent effect of soil matric potential on soil NO3⁻-N concentrations 
(Figure 25). However, soil b did affect soil NO3⁻-N concentrations in the Wakanui soil when 
averaged across soil matric potential: at 1.0 Mg m–3 these were higher (P < 0.05) than at 1.1 
Mg m–3 and 1.2 Mg m–3. In the Temuka soil the NO3⁻-N concentrations also declined (P < 
Figure 24: Mean dissolved organic carbon concentration (mg g–1) versus soil matric potential. 
Numerals in the legend indicate soil bulk density treatments applied (Mg m–3). Error bars = s.e.m, n 
= 4. 
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0.05) as soil b increased, when averaged across soil matric potential, equalling 741, 644 and 
555 mg NO3⁻-N kg-1 of soil, at soil b of 1.0, 1.1 and 1.2 Mg m–3, respectively. Similarly, in 
the Otorohanga soil at a soil b of 0.9, 1.0 and 1.1 Mg m–3 average NO₃⁻-N concentrations 
equalled 751, 688 and 604 NO3–-N kg-1, respectively (P < 0.05). The Waipara soil was the only 





Figure 25: Soil nitrate concentrations versus soil matric potential for the four soils. Numerals in the 
legend indicate soil bulk density treatments applied (Mg m-3). Error bars = s.e.m, n=4. 
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As expected, the soil WFPS decreased with progressively more negative soil matric 
potentials (P < 0.05) but the rate of decrease varied with soil type: averaged across soil matric 
potential and soil b, the Wakanui, Otorohonga, Waipara and Temuka soils had WFPS values 
of 85.4%, 85.7%, 86.3% and 90.6%, respectively and ranged from 60.0% to 97%, 55.1% to 
100%, 61.4% to 100% and 68.7% to 100%, respectively. Soil WFPS also varied with soil b 
(P < 0.05) with the lowest WFPS observed at the lowest soil b; 1 Mg m–3 for the Wakanui, 
Waipara and Temuka soils and 0.9 Mg m–3 for the Otorohanga soil. An interaction between 
soil b and matric potential resulted in WFPS declining at a faster rate at lower soil b values 
for all soils, except the Waipara soil (Figure 26). 




The range in measured mean Dp/Do across the soil matric potential treatments, when 
averaged across all soil b treatments, was 0.003 to 0.014 for the Wakanui soil, 0.003 to 0.015 
for the Waipara soil, 0.004 to 0.007 for the Temuka soil and from 0.005 to 0.017 for the 
Otorohanga soil. An interaction between soil b and soil matric potential affected Dp/Do in the 
Wakanui soil where Dp/Do at 1.2 Mg m–3 was lower (P < 0.05) than Dp/Do at 1.0 Mg m–3 for 
soil matric potentials lower than -2 kPa (Figure 27). The same was observed in the Temuka 
soil except that Dp/Do values were significantly lower at 1.2 Mg m–3 compared to values at 1.0 
Mg m–3, for soil matric potentials lower than -3 kPa (Figure 27). Similarly, the Dp/Do values 
Figure 26: Water-filled pore space (WFPS, %) versus soil matric potential for the four soils. Numerals 
in the legend indicate soil bulk density treatments applied (Mg m-3). Error bars = s.e.m, n= 4. 
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for the 1.0 and 1.1 Mg m–3 were lower for the 0.9 Mg m–3 treatment in the Otorohanga soil 
below -2kPa (Figure 27). However, in the Waipara soil there was no effect of soil b on Dp/Do 
(Figure 27). A plot of Dp/Do versus soil air-filled porosity showed the Dp/Do values occurred 




Figure 27: Relative gas diffusivity (Dp/Do) at varying soil bulk density and soil matric potential. 
Numerals in the legend indicate soil bulk density treatments applied (Mg m-3). Error bars = s.e.m., n= 
4. 





 Soil N2O fluxes and relationships with soil physical 
parameters 
For each soil, the N2O-N fluxes were highest at the lowest soil matric potential (-0.5 kPa), 
with N2O-N fluxes decreasing as the soil matric potential decreased (Figure 29). The range in 
the N2O-N fluxes varied with soil type (P < 0.05). The highest fluxes occurred in the 
Otorohanga soil (from 0.12 to 691 mg m-2 h-1), closely followed by the Wakanui soil (from 
0.08 to 660 mg m-2 h-1). The Temuka soil N2O-N fluxes ranged from 0.22 to 408 mg m-2 h-1 
Figure 28: Soil relative gas diffusivity (Dp/Do) versus soil air-filled porosity (cm3 cm–3). 
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while the lowest N2O-N fluxes occurred in the Waipara soil ranging from 0.07 to 124 mg m-2 
h-1. The soil total N2O-N fluxes were higher with increasing soil b (P < 0.05) and in the 
Temuka and Otorohanga soils where soil b and soil matric potential interacted (P < 0.05): soil 
N2O-N fluxes decreased more slowly at the highest soil b as soil matric potential became more 
negative. 
 
When plotted against Dp/Do the N2O-N flux increased as Dp/Do declined with peak N2O 
fluxes at a Dp/Do value close to or less than a value of 0.006 (Figure 30). Plotting N2O-N fluxes 
versus WFPS (Figure 31) or volumetric soil water content (Figure 32) showed no clear 
Figure 29:  Relationship between measured N2O-N fluxes and measured matric potential (-kPa) for 
each soil separately and at varying soil ρb (Mg m-3). Numerals in the legend indicate soil ρb treatments 
applied (Mg m-3). Error bars = s.e.m, n = 4. 
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relationship across soils or soil b: while N2O-N fluxes increased with increasing soil moisture, 
peak N2O-N fluxes occurred at varying WFPS or volumetric soil water content values 




Figure 30: Relationship between measured N2O-N fluxes and measured Dp/Do for each soil separately 
and at varying soil bulk density. Numerals in the legend indicate soil bulk density treatments applied 
(Mg m–3). Error bars = s.e.m., n=4. The vertical red lines show the 0.006 threshold from Balaine et al. 
(2013) 






Figure 31: Relationship between measured N2O-N fluxes and WFPS (%) for each soil at varying soil 
bulk density. Numerals in the legend indicate soil bulk density treatments applied (Mg m–3). Error bars 
= s.e.m, n = 4. 





Figure 32: Relationship between measured N2O-N fluxes and volumetric water content (m3 m-3) for 
each soil at varying soil ρb (Mg m-3). Numerals in the legend indicate soil ρb treatments applied (Mg 
m-3). Error bars = s.e.m, n= 4. 




 Soil chemical and physical characteristics  
Minimum soil concentrations of NO3– and DOC, required to support denitrification in 
soil, have previously been reported to be  5 mg N kg–1 soil and 40 mg C kg-1 soil, respectively 
(Ryden 1983; Beauchamp et al. 1989). High concentrations of NO3– increase the denitrification 
rate in the presence of a C substrate (Weier et al. 1993) since the DOC assumes the role of the 
electron donor during NO3– reduction under denitrifying conditions. Thus, based on the results 
of this experiment, it can be assumed that the soil NO3–-N and DOC concentrations, which 
were comparable in magnitude to those previously observed by Balaine et al. (2013), were not 
limiting for denitrification regardless of soil type or treatment. 
Elevated soil pH values, observed in the higher soil b treatments, are consistent with 
such conditions creating more anaerobic conditions, (lower Dp/Do and higher WFPS), suitable 
for denitrification which results in a net release of OH- ions (Wrage et al. 2001). Declines in 
soil pH with increasing soil drainage were likely the result of reduced denitrification rates 
and/or increased rates of mineralisation with ensuing nitrification and subsequent soil 
acidification as soils were drained. 
Soil WFPS decreased as soil matric potential became more negative with the rate of 
decrease lower at higher soil b because increasing soil b (compaction) not only decreases 
total porosity but also creates a shift in pore size distribution, observed as a reduction in 
macroporosity and an increase in microporosity (Chamindu Deepagoda et al. 2019). This 
results in an increase in the air-entry pressure and a decrease in air-permeability making the 
soils relatively more anaerobic as soil b increases at a given soil matric potential. Soil texture 
also affects pore size distribution and the reason the Waipara soil WFPS was less affected by 
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increasing bulk density was most likely due to the higher sand content of the Waipara soil, 
facilitating the retention of a higher fraction of pore space with macroporosity. 
Values of Dp/Do decreased when both soil b and soil matric potential increased, 
resulting in a concurrent decline in air-filled porosity and increasing soil moisture, which in 
turn enhanced tortuosity of the soil pore network (Chamindu Deepagoda et al. 2020). Soil 
Dp/Do values were within the range previously observed for repacked soil cores held over a 
similar range of soil b and moisture (Balaine et al. 2013). 
 
 Soil N2O Fluxes and relationships with soil  physical 
parameters 
Based on the prior studies of Balaine et al. (2013; 2016) it was hypothesised that soil 
N2O emissions would become elevated as the value of Dp/Do decreased towards 0.006. Using 
only one soil type, Balaine et al. (2013) found that the soil N2O fluxes peaked at a Dp/Do value 
of 0.006, regardless of soil b, and declined as Dp/Do values decreased further. The increase in 
N2O fluxes occurred as the increasingly anaerobic conditions, as defined by a decline in Dp/Do, 
created an environment suitable for N2O production. The decline in N2O fluxes, as Dp/Do 
decreases further, has been shown to be due to N2O being denitrified to N2 (Klefoth et al. 2014; 
Balaine et al. 2016). In the current study the interactive effects of soil b and soil matric 
potential generally resulted in enhanced N2O fluxes at a Dp/Do value close to 0.006, or less, but 
not necessarily peaking at a value of 0.006. Thus under the conditions of this study the variation 
in the soil C content, postulated to potentially alter the level of oxygen consumption, did not 
cause a significant shift in the Dp/Do value where N2O emissions readily increased. Following 
a freeze-thaw event, the presence of labile C inducing an increased O2 demand was postulated 
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by Petersen et al. (2013) to be a reason for denitrification activity at Dp/Do values > 0.02, a 
threshold normally considered to indicate the onset of anaerobiosis (Stepniewski 1981). 
However, Owens et al. (2017) found that in ruminant urine-affected soil, in situ, N2O fluxes 
also increased when the soil Dp/Do value was ~ 0.006, despite labile C being supplied via plant 
root exudation. Chamindu Deepagoda et al. (2019) found that N2O emissions peaked in intact 
soil cores taken from pastures over a Dp/Do range of 0.005 to 0.01. Friedl et al. (2018) also 
found N2O and N2 fluxes from subtropical dairy pasture soils increased exponentially as Dp/Do 
declined, with maximum N2O fluxes at a Dp/Do value of 0.0068. Hence, these current results 
examining a wider number of soils sit well with previous work and support the use of Dp/Do as 
an interpretive tool for understanding the occurrence of N2O emissions or for predicting the 
potential for N2O emissions given soil b and soil moisture data are available for calculating 
(e.g. Moldrup et al. 2013). The potential onset of soil N2O emissions has often been considered 
by determining the degree of WFPS, but as Farquharson and Baldock (2007) explain: for a 
given WFPS the volume fraction of air varies depending on the soil b. The variable Dp/Do is 
an integrated measure of the interactive effects of soil b and WFPS on air-filled porosity and 
thus gas diffusion. Hence, the onset of N2O emissions occurs over a relatively wide range of 
WFPS. This was most noticeable in the Otorohonga soil. 
However, the magnitude of the N2O fluxes, and the anticipated decline in the N2O 
fluxes occurring below Dp/Do < 0.006, was not consistent across soils. In the Otorohanga soil, 
where the highest N2O fluxes occurred, N2O emissions peaked at a Dp/Do of 0.006 regardless 
of soil b and then declined; in the Waipara soil where the lowest N2O fluxes occurred, N2O 
emissions peaked at a similar Dp/Do, but < 0.006, regardless of soil b before declining. This 
variation in the magnitude and the decline in the N2O fluxes below a Dp/Do of 0.006 may 
possibly be due to other factors affecting the denitrification rate and the N2O:(N2O+N2) ratio. 
Soil O2 supply acts as the primary determinant of denitrification commencing. Friedl et al. 
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(2018) found a shift in the N2O response to Dp/Do between days 1 and 2 after rewetting of 
subtropical pasture soils and proposed the presence of residual O2 on day 1 and increasing 
anaerobic conditions on day 2 to explain the proposed effect of Dp/Do on a relative shift in 
N2:N2O partitioning. However, other soil variables, soil pH and anoxic C mineralization, have 
also been shown to influence both the denitrification rate and the N2O:(N2O+N2) ratio in 
pasture soils with liming and enhanced C supply promoting N2O reduction to N2 and 
denitrification rates (Samad et al. 2016; Senbayram et al. 2019). Conversely, elevated soil NO3– 
concentrations may prevent N2O reduction, thus enhancing the N2O:(N2O+N2) ratio. Recently, 
this effect of soil NO3– concentration was shown to override the effect of liming with respect 
to the N2O:(N2O+N2) ratio in a sandy cropping soil: high concentrations of NO3– (45 mg N kg-1 
soil) almost completely inhibited N2O reduction (Senbayram et al. 2019). Hence, the variation 
in the four soils used in the current study, in terms of the delayed or lack of N2O reduction may 
have been a partial consequence of the relatively high soil NO3– concentrations enhancing the 
N2O:(N2O+N2) ratio. Future research is needed to examine the role of these factors in altering 
the N2O:(N2O+N2) ratio with respect to the soil Dp/Do value. In conclusion this study shows 
that across a range of soils, varying in texture and C content, the soil Dp/Do value is a valuable, 
and theoretically robust, tool for determining the onset of N2O emissions when denitrification 
substrates are present.  
 
 Conclusion 
The results of this chapter showed that soil Dp/Do is a robust tool for determining the onset of 
N2O emissions when denitrification substrates are present across a range of soils, varying in 
texture and C content. It was observed that, again, N2O maximum emissions occurred in a 
range of Dp/Do values close to or less than 0.006. Those low Dp/Do values denote anaerobic 
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conditions with decreasing O2 content and gas diffusivity. These conditions, consequently, 
favour the process of denitrification. However, denitrification is not only a source it is also the 
only sink for N2O, via reduction to N2 in the soil (Figure 6). Complete denitrification was one 
of the hypothesis behind the decrease of N2O emissions observed for Dp/Do < 0.006 along with 
N2O emission trapping (Balaine et al. 2016). In this experiment the magnitude of the N2O 
fluxes, and the anticipated decline in the N2O fluxes occurring below Dp/Do < 0.006, was, 
however, not consistent across soils. Further research is thus needed to examine the 
N2O:(N2O+N2) ratio with respect to the soil Dp/Do value. Thus, in the next chapter, 15N isotope 
and continuous flow isotope ratio mass spectrometer were used in an attempt to quantify the 
N2 emissions from soil while varying Dp/Do through two wetting and drainage cycles. 
 
 
 : Soil wetting 
and drainage cycles: 
effects on relative gas 
diffusivity, N2O emissions 
and denitrification rate 
 
Highlights: 
• Denitrification emissions are highest when Dp/Do is <0.006 
• Dp/Do integrates moisture and bulk density effects on O2 supply and subsequent 
denitrification emissions 
• High organic matter may alter O2 demand and Dp/Do - denitrification relationships 
• High NO3⁻ concentration and acidic pH were potentially unfavourable for N2 
production  
Keywords: 15N, bulk density, dinitrogen, matric potential, mineralization, nitrification 
 
 Abstract 
Nitrous oxide (N2O) is a potent greenhouse gas generated in agricultural soils by microbial 
processes that vary according to soil redox. Soil oxygen (O2) supply and demand strongly 




as relative gas diffusivity (Dp/Do), and is influenced by soil structure (air-filled porosity and 
tortuosity of pores) and soil water content. Soil N2O emissions have been shown to increase at 
low values of Dp/Do but detailed studies examining the relationship between Dp/Do and soil 
N2O emissions remain limited, with relatively few soil types examined, and no studies of 
repeated wetting-drainage cycles. Thus, the objectives of this study were to examine how 
successive wetting-drainage cycles affected both Dp/Do dynamics and associated N2O 
emissions in two soils; a pallic silt loam and an allophanic sandy-silt, with the later also having 
a higher organic matter content. Soil cores, repacked to varying density, were wetted up with 
15N enriched NO3– solution and placed on tension tables where they underwent two consecutive 
12-day wetting-drainage cycles from saturation to field capacity (0 to -10 kPa). Over time 
measurements were made of N2O, N2, inorganic-N and soluble carbon, while Dp/Do was 
modelled using soil physical characteristics. For both soils each wetting-drainage cycle induced 
N2O fluxes but with 5-fold lower fluxes in the allophanic soil. Greater aggregation and sand 
content in the allophanic soil generated higher porosity and Dp/Do values that were almost 
always greater than recognised anaerobic limits. Thus, wetting-induced N2O fluxes in the 
allophanic soil were concluded to result from denitrification of 15N labelled NO3– due to a 
higher demand for O2. While wetting-drainage events induce N2O emissions by altering Dp/Do 
and the soil aeration status, the drying of soils, especially soils high in organic matter, may 
enhance O2 demand generating anaerobic zones conducive to denitrification. Further detailed 
studies examining the interaction between soil structure and soil organic matter content and 







Nitrous oxide formation constitutes a direct link between reactive N and climate change 
(Erisman et al. 2011) since N2O is a potent greenhouse gas. Currently N2O is the single most 
important stratospheric ozone depleting substance (Ravishankara et al. 2009). Atmospheric 
concentrations of N2O have increased at a rate of 0.73 ± 0.03 ppb yr–1, with the current N2O 
concentration in the atmosphere 20% higher than pre-industrial levels (MacFarling Meure et 
al. 2006). Annually, it is estimated that agriculture dominates anthropogenic N2O sources, 
accounting for 4.1 (1.7-4.8) TgN (N2O) yr-1 out of an estimated 6.9 TgN (N2O) yr-1 of non-
natural global emissions of N2O (Ciais et al. 2013). Reportedly, 80% of the observed increase 
in atmospheric N2O results from food production (Ciais et al. 2013), as a consequence of 
fertiliser N and animal excreta deposition (Davidson 2009). 
Fertiliser and manure N, applied to soils, contribute to N2O emissions as the result of N 
transformations, predominately via microbial pathways, that include nitrification and 
denitrification (Wrage et al. 2001; Wrage-Mönnig et al. 2018). The soil O2 concentration 
influences the relative dominance of N2O producing pathways: nitrification and denitrification 
are aerobic and anaerobic processes, respectively. Several other microbial pathways, such as 
the DNRA and nitrifier-denitrification can also generate N2O (Friedl et al. 2018; Wrage-
Mönnig et al. 2018) and these are also influenced by soil O2 concentration or redox status.  
Thus, critical to understanding the role microbes perform in controlling N2O emissions is a 
better grasp of how the availability of O2 within a soil may change. Subsurface movement of 
gas within a soil occurs primarily via diffusion. Assuming no change in atmospheric pressure 
or wind-induced disturbance the movement of gas across the soil atmosphere interface is also 
diffusion controlled. The migration of a gas can be described by a soil gas diffusion coefficient 




atmosphere temperature and pressure, soil structure (e.g. air-filled porosity and tortuosity of 
pores) and soil water content (Rolston and Moldrup 2012). The diffusion coefficient of the 
same gas in free air (Do, cm2 air s-1) is used to normalise Dp, so that soil-gas diffusivity (Dp/Do) 
can be expressed under a given set of conditions (Rolston and Moldrup 2012). 
Since the conceptual work of Linn and Doran (1984), changes in a soil’s water-filled pore space 
(WFPS) have routinely been used to explain variation in N2O fluxes. However, WFPS, which 
defines the proportion of total pore space filled with water, is a normalised dimensionless value 
and Farquharson and Baldock (2007) stated that “…WFPS does not quantify the fraction of the 
entire soil volume that is filled with water or air and hence is not directly proportional to the 
diffusion of gases and solutes that regulate process rates across soils with different total 
porosities”. This was demonstrated by Balaine et al. (2013) who found that peak N2O 
emissions, from soil cores treated with nitrate and spanning bulk densities from 1.1 to 1.5 Mg 
m-3, occurred across a WFPS range of 67-80%. Farquharson and Baldock (2007) went on to 
suggest that simple measures of soil water content combined with soil structural parameters 
should be considered, in conjunction with volume fractions of air or water. Thus, Balaine et al. 
(2013) further assessed N2O emissions relative to Dp/Do and found strong relationships 
between N2O emissions and Dp/Do with N2O emissions peaking at a Dp/Do value of 0.006 
regardless of the soil bulk density. Further assessment of this relationship was undertaken by 
Balaine et al. (2016) who found, using the same soil, that cumulative N2O and N2 emissions, 
after 35 days, also depended on Dp/Do. A laboratory study by Petersen et al. (2008) also found 
Dp/Do explained N2O emissions better than WFPS when examining soil across seven matric 
potentials. Petersen et al. (2013) observed that carbon (C) inputs, resulting from crop system 
management or freeze-thaw effects could potentially affect the relationship between peak 
emissions of N2O and calculated Dp/Do. Values of Dp/Do < 0.006 in laboratory and field studies 




N2 fluxes (Friedl et al. 2018; Friedl et al. 2017; Owens et al. 2017). A key determinant of a 
soil’s Dp/Do status are wetting-drainage cycles brought about by rainfall or irrigation events. 
Given that the frequency of irrigation and/or volume can potentially be manipulated to mitigate 
N2O emissions (Mumford et al. 2019) and the fact that climate change may also lead to altered 
rainfall frequency and volumes it is important to better understand how soil Dp/Do and 
associated N2O emissions are affected by wetting-drainage cycles. To date the number of 
detailed studies that have examined the relationship between Dp/Do and N2O emissions remains 
limited, with few soil types examined, and no repeated wetting-drainage cycles. Thus the 
objectives of this study were (i) to examine how successive wetting and drainage cycles 
affected both Dp/Do dynamics and associated N2O emissions across soil bulk densities and (ii) 
to observe if these dynamics were influenced by soil texture and density. 
 Materials and Methods 
 Soil collection, Experimental Design, an d Setup 
Wakanui and Otorohanga soils from Chapter II were chosen for this experiment and their 
characteristics can be found in Table 2. The Waipara soil was not considered for this 
experiment given the low N2O fluxes, low pH and low DOC concentration previously 
measured in the first experiment (Figure 29, Figure 23 and Figure 24, respectively). The 
Otorohanga and Wakanui soils had the most diverse physical characteristics (Table 2). Wetting 
and drying cycles are also known to affect positively the mineralisation rate (Mumford et al. 
2019), thus this experiment used two soils differing (P < 0.05) in DOC concentrations (Figure 
24).  
After determining the gravimetric water content of the air dried soils, 24 soil cores were 




internal diameter, 7.4 cm deep), to a depth of 4 cm. These soil cores were assigned to treatments 
according to the experimental design. 
The experimental design consisted of two soil types and three levels of bulk density for each 
soil type, replicated four times. Soil bulk density treatments for the Wakanui soil were 1.0, 1.1 
and 1.2 Mg m-3, while those for the Otorohanga soil were 0.9, 1.0, and 1.1 Mg m-3. A lower 
soil bulk density was used for the Otorohanga soil because it could not be manually packed to 
a bulk density of 1.2 Mg m-3. In addition, another 36 soil cores were made (3 replicates for 
each soil type by bulk density) in order to perform destructive soil analyses on days 0 and 12. 
The original 24 soil cores were destructively sampled on day 25.  
In order to evaluate both Dp/Do dynamics and N2O emissions, across successive wetting-
drainage cycles, six levels of soil matric potential (0, -2.0, -4.0, -6.0, -8.0 and -10.0 kPa) were 
used based on the earlier study (Chapter III). To enable this tension tables were prepared as 
described by Romano et al. (2002) and in III.3.1. Before placing soils cores on the tension 
tables, deionised water was poured evenly across the tension tables to provide a good 
connection between soil cores and the tension table. The tension tables were housed in a 
laboratory where temperature fluctuations were negligible (20 ± 1oC).  
Prior to placing soil cores on the tension table, cores were saturated with a 15N labelled KNO3 
solution (300 µg N g-1 soil) with an enrichment of 50 atom% excess (Figure 33). This soil NO3– 
concentration emulated the maximum typically found under bovine urine patches in grazed 
pasture (e.g. Clough et al., 2009). The soil cores used for destructive sampling, on days 0 and 





Once saturated the soil cores were placed on the tension tables set at 0 kPa. Then every 48 h 
soil drainage was increased by adjusting the tension tables to the next drainage step, so that by 
day 12 the soil cores had spent 48 h at -10 kPa. Upon the completion of one drainage cycle, 
soil drainage ceased and the soil cores were returned to 0 kPa. To avoid cross contamination 
of NO3–-15N enrichments, soil cores were placed into individual jars and wetted from the 
bottom up with deionised water, prior to being placed back on the tension tables set at 0 kPa. 
The drainage cycle was then repeated with drainage once again progressively increased every 
second day so that by day 24 the soil cores had again been at -10 kPa for 48 h. Soil cores were 
weighed daily, prior to any required adjustments to drainage settings. 
Soil total porosity (ф) was calculated using the following equation:  




with ρd, the measured soil particle density (g cm-3) and ρb, the soil bulk density (g cm-3). 
Figure 33: Soil cores saturated with 50 atom% 15N solution just before putting them on the tension 




Daily core weights and Φ were used to calculate WFPS (%) and soil air content Ɛ (cm3 air cm-
3 soil), cf. Equation 3 (II.3.1) and Equation 1 (II.3.2).  
 
 Determination of Dp/Do,  N2O and N2  fluxes. 
Nitrous oxide fluxes were measured each day of the experiment using the 15N enriched soil 
cores. This was performed by removing the soil core from the tension table and placing it in a 
1 L mason jar which was then sealed with an air-tight lid equipped with a septa. Gas samples 
(10 mL) were taken at 0, 20, and 40 min, after sealing the jar, using a 20 mL glass syringe 
equipped with a 3-way stopcock and a 25G hypodermic needle. Gas samples were injected into 
pre-evacuated 6 mL Exetainer® vials. Prior to analysis the gas samples were brought to 
ambient pressure and analysed using a gas chromatograph (8610; SRI instruments, Torrance, 
CA) connected to a Gilson autosampler (Gilson 222XL; Gilson, Middleton, WI) as previously 
described (Clough et al., 2009). The change in the jar headspace N2O concentration, over time, 
was used to calculate the N2O flux according to Hutchinson and Mosier (1981) and as described 
in III.3.2 section. Cumulative N2O emissions were calculated by manually integrating the daily 
fluxes over times. 
On days 3, 4, 6, 8, 10, 12, 14, 16, 18, 22, and 24 a further 15 mL gas sample was taken after 
3h, to enable N2 flux determinations, and placed in a 12 mL Exetainer® vial. The  15N 
enrichments of the N2O and N2 samples were determined on a continuous flow isotope ratio 
mass spectrometer (Sercon 20/20; Sercon, Chesire, UK) according to the methodology of 
Mulvaney and Boast (1986) and Stevens and Laughlin (2001). Replicated N2O standards with 
15N enrichments of 0.366, 10.0 and 40.0 atom% were included in every batch of samples 




standard deviation (n = 100) of ambient air samples and the associated 95% confidence 
intervals for ∆29 and ∆30, 9.1 x 10-6 and 4.1 x 10-5, respectively (Stevens and Laughlin 2001). 
Using daily soil core mass, and prior knowledge of soil dry mass, particle density, and bulk 
density, the soil air content (ε) values were determined as described in section II.3.1 (equation 
1).  







Where Dp and Do are as defined above, Ɛ is soil-air content (cm3 soil air cm−3 soil), Φ is soil 
total porosity (cm3 soil pore space cm−3 soil), and Cm is the media complexity factor. As the 
experiment was performed using repacked soil, Cm = 1 (Moldrup et al., 2013). 
The SWLR model (equation 12) was used based on the findings of Moldrup et al. (2013) to 
predict Dp/Do. They showed that the SWLR model outperformed similar, simple Dp/Do models 
also based on Φ and Ɛ for repacked (or intact) soils containing between 0 and 54% clay. The 
Wakanui and Otorohanga soils clay percentages were 22.3 and 11.3%, respectively (Table 2). 
Based on the models comparison against Dp/Do observed in 11 sieved, repacked soils made by 
Moldrup et al. (2013), SWLR (Cm = 1) and WLR-Marshall (Marshall 1959) models are 
excellent predictors for Dp/Do data from repacked soils and sands (RMSE = 0.017 for both). 
The measured Dp/Do values in the first experiment (Chapter III) were compared with those two 
models (Figure 34) in order to make a final decision. Models are compared and tested for 
general accuracy and tendency for overprediction (positive bias) or underpredition (negative 



















with di the difference between predicted and observed gas diffusivities for the n number of 
measurements involved. The RMSE and bias values obtained for Otorohanga and Wakanui 
soils are presented on Table 3 and Figure 34. Both model; WLR-Marshall and SWLR fitted the 
measured data well, however, the SWLR provided the best fit giving the lowest RMSE values 
(0.006 and 0.0072 for Otorohanga and Wakanui soils, respectively) which concurs with the 
results of Moldrup et al. (2013) results.  
Table 3: Results of the general accuracy and tendency test comparing WLR-Marshall model and 
Moldrup et al. (2013) SWLR model for Wakanui and Otorohanga soils. 









RMSE 0.0073 0.0072 0.0079 0.006 







 Destructive soil analyses  
For destructive soil analyses the soil core was first extruded into a Ziploc® plastic bag where 
it was mixed prior to a 10 g subsample being taken for gravimetric water content. This was 
oven-dried at 105 oC for 24 h. Soil pH was measured using a calibrated flat surface pH electrode 
(Broadley James Corp., Irvine, CA.). Soil inorganic-N concentrations were determined by 
extracting the equivalent of 10 g of dry soil with 100 mL of 2M KCl and shaking for 1 h. Then 
the extracts were filtered (Whatman 42) with the filtrate analysed for NO3⁻ and NH4+ on a flow 
injection analyser (Blakemore et al., 1987). To determine dissolved organic carbon (DOC) a 
further sample (equivalent of 5 g dry soil) was extracted in 30 mL of deionised water by shaking 
Figure 34: Test of two Dp/Do models against Dp/Do observed data for Otorohanga soil. SWLR, 
structure-dependent water induced; WLR, water induced linear reduction; Cm, media complexity 
factor. The observed Dp/Do data have been collected in the diffusion chambers and are presented in 




for 30 minutes prior to centrifugation (3,500 rpm for 20 minutes) and filtration (Whatman 42), 
with analyses performed on a Shimadzu TOC analyser (Shimadzu, Oceania Ltd., Sydney, 
Australia) (Figure 35). 
 
 
 Statistical analyses  
Statistical analyses were also performed using R studio and followed the same procedure as 
described in section III.3.4. Time (days of the experiment), soil types (2 levels: Otorohanga 
and Wakanui) and soil ρb (3 levels per soil) were the explanatory variables (Appendix 4).  
  
Figure 35: Picture of the Shimadzu TOC analyser used to measure the DOC concentrations from soil 





 Soil physical conditions  
The Wakanui soil had a greater percentage of clay and silt (Table 2) and fewer fine soil 
aggregates than the Otorohanga soil: on a gravimetric basis the Wakanui soil had 6.5 and 18.2% 
more aggregates passing through 0.6 and 0.25 mm sieves, respectively (Figure 36). The 
uniformity coefficient (Cu) expressing the variety in particle sizes of soil (Hazen 1892) and 
defined as the ratio of D60 to D10 was calculated (Figure 36). The value D60 is the grain diameter 
at which 60% of soil particles are finer and 40% of soil particles are coarser, while D10 is the 
grain diameter at which 10% of particles are finer and 90% of the particles are coarser. The 
coefficient D10 was extrapolated using the inverse of the polynomial regressions for each soil. 
The uniformity coefficient for the Wakanui soil was < 4 so the soil is classified as poorly 
graded/uniformly graded while the Cu for the Otorohanga soil was > 4 so the soil is classified 
as well graded (Hazen 1892). Soil pH remained stable throughout the experiment but was 
higher in the Wakanui soil (5.6 ± 0.1) compared to the Otorohanga soil (5.1 ± 0.1) as observed 
during the first experiment (Figure 23). The soil organic matter content was higher (P < 0.05) 





Figure 36: Percentage of soil mass passing through sieves at a given particle size for the Wakanui and 
Otorohanga soils. The black and orange lines were obtained by fitting a polynomial regression to the 
data.   
 
 
Table 4: Soil pH, dissolved organic carbon (DOC), ammonium-N (NH4+-N) and nitrate-N (NO3⁻-N) concentrations at destructive sampling times. Days 12 
and 25 are at the end of the first and second drainage cycles, respectively. 
  Day 0 Day 12 Day 25 
Wakanui Bulk density (g cm-3) 1.0 1.1 1.2 1.0 1.1 1.2 1.0 1.1 1.2 
 pH ND ND ND 5.6 ± 0.1 5.6 ± 0.1 5.6 ± 0.2 5.6 ± 0.1 5.7 ± 0.1 5.3 ± 0.1 
 DOC (g C g-1 soil) 388 ± 14 460 ±26 402 ± 64 271 ± 5 227 ± 15 250 ± 14 169 ± 6 166 ± 2 147 ± 9 
 NO3⁻-N (g NO3–-N g-1 soil) 169 ± 92 170 ± 56 177 ± 95 282 ± 43 262 ± 11 214 ± 53 205 ± 28 216 ± 35 182 ± 18 
 NH4+-N (g NH4-N g-1 soil) 48 ± 4 26 ± 8 37 ± 7 70 ± 3 63 ± 5 43 ± 13 1.2 ± 0.2 1.3 ± 0.2 1.6 ± 0.7 
Otorohanga Bulk density (g cm-3) 0.9 1.0 1.1 0.9 1.0 1.1 0.9 1.0 1.1 
 pH ND ND ND 5.2 ± 0.1 5.2 ± 0.1 5.2 ± 0.1 5.2 ± 0.1 5.2 ± 0.1 5.2 ± 0.1 
 DOC (g C g-1 soil) 181 ± 40 141 ±13 152 ± 6 147 ± 12 105 ± 21 149 ± 39 74 ± 5 81 ± 6 79 ± 2 
 NO3⁻-N (g NO3–-N g-1 soil) 78 ± 15 175 ± 82 32 ± 24 228 ± 97 178 ± 20 236 ± 43 130 ± 25 166 ± 31 144 ± 15 
 NH4+-N (g NH4-N g-1 soil) 3.2 ± 0.4 3.9 ± 0.4 3.6 ± 0.2 9.1 ± 3 11 ± 3 11 ± 3 1.1 ± 0.4 0.7 ± 0.1 2.5 ± 1.6 
 
 
Conversely, soil DOC concentrations were higher (P < 0.05) in the Wakanui soil than in the 
Otorohanga soil when comparing individual sampling days (Figure 37; Table 4). In the 
Wakanui soil DOC did not vary with bulk density (P = 0.373) but did decline over time 
averaging 415, 249, and 161 g C g-1 soil on days 0, 12, and 25, respectively, when averaged 
across bulk density treatment (Figure 37; Table 4). Similarly, bulk density did not affect DOC 
concentrations in the Otorohanga soil (P = 0.140), with no difference in DOC concentrations 




Figure 37: Mean dissolved organic carbon content (DOC) for the Wakanui and Otorohanga soils at 
the beginning of the experiment (Day 0), after the end of the first wetting-drainage cycle (Day 12) and 
at the end of the second wetting-drainage cycle (Day 25). Numerals in the legend indicate the soil bulk 




Soil NO3⁻-N concentrations were not affected by soil bulk density in the Wakanui soil, where 
they were highly variable at day 0, and declined from day 12 to day 25 (Figure 38; Table 4). A 
similar trend occurred in the Otorohanga soil (Figure 38). The NH4+-N concentrations were 1 
or 2 orders of magnitude less than the soil NO3⁻ concentrations with few consistent differences 
over time. However, NH4+-N concentrations had decreased in the Wakanui soil by day 25 
(Table 4). 
 
Air-filled porosity (ε) increased as drainage increased (more negative matric potential) with 
higher ε values in the Otorohanga soil at any given level of drainage (Figure 39), with no 
statistical effect of soil bulk density on ε in the Wakanui soil, but with higher ε values in the 
Otorohanga soil at 0.9 Mg m-3 than at 1.0 or 1.1 Mg m-3 (P < 0.05; Figure 39). Modelled values 
Figure 38: Mean nitrate (NO₃⁻) concentrations for the Wakanui and Otorohanga soils at the 
beginning of the experiment (Day 0), after the end of the first wetting-drainage cycle (Day 12) and at 
the end of the second wetting-drainage cycle (Day 25). Numerals in the legend indicate the soil bulk 




of Dp/Do reflected these trends and differences in the ε values with higher Dp/Do in the 
Otorohanga soil (Figure 40). 
 
The density induced effects on Dp/Do, are presented with air-filled porosity normalised as a 
function of total porosity (Ɛ/Ф) in Figure 40, along with the previously reported limits of 
Balaine et al. (2013) and Stepniewski (1981) for reference. The Otorohanga soil generally had 
Dp/Do values greater than these limits while in the Wakanui soil almost all Dp/Do data values 
were < 0.02. 
Figure 39: Soil air content (Ɛ), as a function of relative matric potentials (-kPa) for the Wakanui soil 
and the Otorohanga soil. Numerals in the legend indicate the soil bulk density treatments applied (Mg 






 N2O and N2  emission trends during the two cycles  
Following the initial saturation of the soils the N2O fluxes peaked on day 2 in the Otorohanga 
soil and day 3 in the Wakanui soil (Figure 41, Figure 42) at 28.1 and 145.4 mg m-2 h 
respectively, overall soil b. However, fluxes were 5-fold higher in the Wakanui soil than the 
Otorohanga soil. The N2O fluxes then declined over time until day 12 whereupon the soil cores 
were again saturated, which caused the N2O fluxes to increase once more, regardless of soil 
type, before they again declined. However, in the Wakanui soil the N2O fluxes did not increase 
to the same level as seen on day 2 with mean N2O-N fluxes < 15.0 mg m-2 h on days 13-15 
Figure 40: Soil-gas diffusivity (Dp/Do), as a function of relative air-filled porosity (Ɛ/Ф) for the 
Wakanui soil and the Otorohanga soil. Also shown are the previously reported gas diffusivity values 
for peak N2O fluxes at Dp/Do = 0.006 (– – – – ;  Balaine et al. 2013) and anaerobic conditions Dp/Do = 
0.02 (- - - - - - ;  Stepniewski 1981). Numerals in the legend indicate the soil bulk density treatments 




(Figure 41), while in the Otorohanga soil the N2O emissions after re-saturation of the soil 
closely mimicked the lower N2O flux trend observed over days 1 to 12 (Figure 41). 
A plot of N2O fluxes versus Dp/Do shows that N2O fluxes in the Wakanui soil peaked at Dp/Do 
values < 0.006 during the first drainage cycle, regardless of soil bulk density, and the same 
occurred during the second drainage cycle (Figure 41). This was not the case in the Otorohanga 
soil, where lower fluxes occurred, and where N2O fluxes peaked at a Dp/Do value close to 0.02 
at soil bulk densities of 1.0 and 1.1. However, at the Otorohanga soil bulk density of 0.9 the 
highest N2O fluxes generally occurred over a Dp/Do range of 0.05 to 0.13 (Figure 42). In the 
Wakanui soil N2O fluxes plotted against WFPS showed fluxes increasing from 80% WFPS, 
with peak fluxes between 85-93% and 90-100% WFPS for the first and second wetting-
drainage cycles, respectively (Figure 43). In the Otorohanga soil N2O fluxes peaked at 45% 
WFPS at 0.9 Mg m-3 while at 1.0 and 1.1 Mg m-3 peak N2O fluxes occurred over a broader 





Figure 41: Mean daily N2O fluxes from soil cores and gas diffusivity (Dp/Do) over time for the Wakanui soil. The 2 wetting-draining cycles are represented 
with the first cycle from day 0 to 12 and the second from day 13 to 25. The solid red line represent Dp/Do = 0.006. Numerals in the legend indicate the soil 






Figure 42: Mean daily N2O fluxes from soil cores and gas diffusivity (Dp/Do) over time for the Otorohanga soil. The 2 wetting-drainage cycles are 
represented with the first cycle from day 0 to 12 and the second from day 13 to 25. The solid red line represent Dp/Do = 0.006. Numerals in the legend 




   
Figure 43: Mean daily N2O fluxes from soil cores and WFPS over time for the Wakanui soil. The 2 wetting-draining cycles are represented with the first cycle 







Figure 44: Mean daily N2O fluxes from soil cores and WFPS over time for the Otorohanga soil. The 2 wetting-draining cycles are represented with the first 




From day 1 to 24 mean daily N2O-N fluxes were higher for the Wakanui soil compared to the 
Otorohanga soil (P < 0.05), as were the cumulative N2O-N fluxes from day 1 to 24 (Figure 46). 
Over this time, there was no significant effect of soil ρb, for either soil, on the cumulative N2O 
fluxes (P = 0.132 and 0.237 for Wakanui and Otorohanga soil, respectively). For the 
Otorohanga soil, there was a difference (P < 0.001) in the cumulative N2O fluxes between the 
first (day 12) and second (day 24) saturation events with averages across soil ρb equal to 2.92 
g N2O-N m-2 and 4.55 g N2O-N m-2, respectively. This significant difference was not observed 
for the Wakanui soil; the N2O fluxes did not increase significantly in the second cycle. 
Recovery of N2O as % of applied N (Figure 45) in the Wakanui soil was 64.1% when averaged 
across soil ρb with a non-significant increase in cumulative flux between day 12 and 24 (P = 
0.27). While in the Otorohanga recovery of N2O as % of applied N was 32.1% of applied N 
when averaged across ρb at the end of the experiment with a significant (P < 0.001) increase 
between day 12 and 24 (Figure 45). For Otorohanga soil, the soil ρb had also a significant effect 
(P = 0.02) on cumulative N2O fluxes at the end of the experiment with lower cumulative 








Figure 45: Cumulative N2O fluxes (% of applied N) for days 1, 12 and 24 for the Wakanui soil and the 
Otorohanga soil. Day 12 was the last day of the 1st cycle and 24 the last day of the 2nd cycle. Numerals 





Figure 46: Cumulative N2O fluxes over time for the Wakanui soil and the Otorohanga soil. Also are 
shown the 2 saturation events (vertical dashed lines). Numerals in the legend indicate the soil bulk 




The 15N enrichment of the N2O-N was highest in the Wakanui soil during the first drainage 
cycle decreasing from a mean value of 26.0 atom% on day 3, averaged across soil bulk 
densities, to a mean of 13.6 atom% prior to re-saturation of the soil on day 12. After re-
saturation the 15N enrichment of the N2O flux increased slightly on day 14 again to a mean 
value of 16.0 atom% before declining again to be 3.7 atom% on day 24 (Figure 47). There were 
few differences in N2O-15N enrichment due to soil bulk density in the Wakanui soil (Figure 
47). In the first drainage cycle the Otorohanga soil N2O-15N enrichment was initially 4.0 atom% 
on day 1 before increasing to 7.4 atom% on day 6 (Figure 47), where after values declined over 
time to average 5.6 atom% on day 24 at bulk densities of 1.0 or 1.1 Mg m-3, and 4.1 atom% at 
a bulk density of 0.9 Mg m-3. The N2O-15N enrichments in the 0.9 Mg m-3 treatment were 






Soil N2 fluxes (Figure 48) in the Wakanui soil peaked on day 6 (1.8 mg N m-2 h-1) and days 16 
(4.5 mg N m-2 h-1) during the first and second drainage cycles, respectively, with the N2 peak 
fluxes one or two orders of magnitude lower than the peak N2O-N fluxes (Figure 41) with few 
differences due to bulk density. Fluxes of N2 from the Otorohanga soil were an order of 
magnitude lower than those observed in the Wakanui soil (Figure 48). Flux of N2 varied 
sporadically with soil bulk density treatment in the Otorohanga soil until day 14 when N2 flux 
increased regardless of soil bulk density (). At 0.9 Mg m-3, the soil N2 flux then declined 
relatively slowly, while at soil bulk densities of 1.0 and 1.1 Mg m-3 N2 fluxes declined by day 
16 before they again increased (Figure 48).  
Figure 47: Mean daily N2O 15N enrichment (atom %) over time for the Wakanui soil and the 
Otorohanga soil. Also are shown the 2 saturation events (vertical dashed lines). Numerals in the 






Although the Otorohanga soil had a lower particle density the total porosity was only 2-3% 
higher than the Wakanui soil at comparable bulk densities (1.0 and 1.1 Mg m-3). However, the 
fact that the Otorohanga soil’s air-filled porosity values were consistently higher, at any given 
matric potential demonstrates that the Otorohanga soil contained a higher percentage of 
macropores (pores with a diameter > 30 m) since macropores drain at matric potentials over 
Figure 48: Mean daily N2 fluxes over time for the Wakanui soil and Otorohanga soil. Also shown are 
the 2 saturation events (dashed vertical lines). Numerals in the legend indicate the soil bulk density 




the range of 0 to -10 kPa (Schjønning et al. 2003). Greater macroporosity in the Otorohanga 
soil resulted from there being a coarser texture and fewer soil aggregates < 0.6 mm in size 
(Figure 36). At the lower bulk density of 0.9 Mg m-3 in the Otorohanga soil the macroporosity 
was higher still due to reduced aggregate damage, as a consequence of reduced compaction, 
resulting in the observed enhanced air-filled porosity. The higher occurrence of air-filled 
macropores in the Otorohanga soil consequently caused a greater proportion of the total 
porosity to be air-filled and explains the higher values of Dp/Do determined in the Otorohanga 
soil (Figure 40). 
The higher air-filled porosity in the Otorohanga soil equated with higher normalised air-filled 
porosities which explains the majority of the Dp/Do values being above Stepniewski’s (1981) 
anaerobic limit of 0.02, where plants roots are considered to begin experiencing anaerobiosis, 
and the previously described threshold for peak N2O emissions of 0.006 (Balaine et al. 2013). 
Conversely, in the Wakanui soil, the finer texture and the higher percentage of finer aggregates, 
explains the reduced macroporosity, which resulted in almost all Dp/Do values being < 0.02, 
and with most Dp/Do values < 0.006. Thomas et al. (2019), in their study on the effect of soil 
compaction, showed that N2O emissions were aligned with a loss of macroporosity. This loss 
of macropores corresponds with an increase in microporosity and thus longer periods of 
saturation due to reduced drainage rates. The varying Dp/Do regimes affected N2O fluxes 
accordingly. 
In the Wakanui soil, during the first wetting-drainage cycle, the highest N2O fluxes following 
saturation coincided with the soil being anaerobic (Dp/Do < 0.006), with the observed decline 
in the N2O fluxes corresponding with increased drainage and the ensuing increase in soil O2, 
as manifested in the higher Dp/Do values (> 0.006). The elevated 15N enrichment of the N2O 




soil but this enrichment declined over the drainage cycle demonstrating that the NO3⁻ pool was 
being diluted as a consequence of mineralization and nitrification of antecedent-N.  
Potentially, DNRA (dissimilatory nitrate reduction to ammonium) or denitrification are the 
likely anaerobic pathways generating the N2O fluxes observed. The addition of N has been 
shown to reduce DNRA in N-limited rice paddy soils (Pandey et al. 2019) with DNRA 
dominating over denitrification as the soil organic carbon (SOC): NO3⁻ ratio increases. 
Similarly, bacterial culture studies have demonstrated the co-existence of DNRA and 
denitrification processes, with DNRA dominating when NO3⁻ is limited, and denitrification 
dominating when organic C becomes limiting denitrification dominated (Van den Berg et al. 
2016). However, in a study by Friedl et al. (2018) the drying, sieving and subsequent rewetting 
of subtropical pasture soils, as performed in the current study, resulted in not only 
denitrification increasing but also DNRA, with the increase in DNRA thought to be the result 
of the increasing supply of labile C (soil organic C contents ranged from 4.1 – 4.9%,). In the 
current experiment, given the relatively low SOC content of the Wakanui soil, the observed 
DOC concentrations, and the relatively high soil NO3⁻ concentrations, it can be assumed that 
denitrification was predominately responsible for the high N2O fluxes when soil was anaerobic 
(Dp/Do < 0.006). This is further evidenced by the flux of N2 which peaked on day 6, following 
the decline in the N2O flux. This delay in the N2 peak flux relative to the peak N2O flux results 
from the need for N2O reductase to be formed, and also the fact that N2 cannot be released from 
the soil until the air-entry potential of the soil, which facilitates gas diffusion, has been meet 
(Balaine et al. 2013): O2 entry into the soil causes denitrification to decline while any entrapped 
denitrification products are able to diffuse out of the soil.  
While there was lag in peak N2 fluxes in the Wakanui soil, for reasons noted above, the size of 
the N2 flux was lower relative to the N2O flux. Those low N2 fluxes relative to the N2O fluxes, 




Laboratory studies have shown that for some denitrifiers, under anaerobic conditions, the 
addition of NO3⁻ can reduce the flow of electrons through nitrite reductase, resulting in a 
decrease in the N2O/(N2O+N2) ratio (Liu et al., 2013; Scheer et al., 2016; Senbayram et al., 
2012). A two-year field study by Qin et al. (2017) showed that elevated NO3⁻ concentrations 
averaging only 30 mg kg-1 (range 17-58 mg kg-1) were sufficient to consistently lower the 
N2O/(N2+N2O) ratio. Previously, N2O concentrations have been observed to peak at Dp/Do 
values of 0.006 with N2 fluxes increasing at values < 0.006, unless the N2 is entrapped (Balaine 
et al. 2013, 2016). High NO3⁻ concentrations that result in competition between the NO3⁻ and 
N2O enzymatic reducing pathways may also explain why peak N2O concentrations occurred at 
Dp/Do values < 0 .006. Furthermore, the relative low soil pH values may have hindered the 
function of N2O reductase.  
While the highest N2O fluxes again aligned with Dp/Do values < 0.006 during the Wakanui 
soil’s second wetting-drainage cycle these fluxes were an order of magnitude lower than in the 
first wetting-drainage cycle. The Dp/Do values indicate anaerobic pathways were again 
responsible for the N2O fluxes. The fact that the N2O fluxes were an order of magnitude lower 
in the second drainage cycle possibly indicates a lower rate of N2O production, which is 
unlikely given the anaerobic conditions and NO3⁻ substrate supply, however, the quality of the 
DOC available is unknown and it may have been less readily available to soil microbes. 
Alternatively, a greater rate of N2O reduction to N2 may have occurred, but again the high NO3⁻ 
concentration would not necessarily favour this. Production of N2 was not readily detectable 
after day 16 due to the continuing decline in the denitrifying pool 15N enrichment. The low N2 
fluxes for the Otorohanga soil might also be a result of the acidic pH of the soil (5.2). Čuhel et 
al. (2010) in their field study showed that for acidic pH (average 5.52), the N2O/(N2O + N2) 
ratio increased due to changes in the total denitrification activity, while no changes in N2O 




into N2. They also demonstrated that the NH4+ concentration was higher in the acidic soil than 
in the natural pH and alkaline soils, while the NO3− concentration was higher in the soils with 
alkaline pH and decreased significantly with decreasing pH. Friedl et al (2018) observed that 
changes in redox potential, the result of pasture soils containing high amount of labile C and 
wetting events inducing reductions in soil redox, altered patterns of NO3⁻ consumption between 
denitrification and DNRA. This competition may explain the relatively low N2O fluxes 
observed in the Wakanui soil’s second drainage cycle.   
Temporal declines in the 15N enrichment of soil inorganic-N pools have been reported 
previously, for both temperate and subtropical pasture or grassland soils (Rutting et al. 2010; 
Muller et al. 2014; Moser et al. 2018; Friedl et al. 2018). Both heterotrophic and autotrophic 
nitrification processes may be responsible for NO3⁻ production and the dominance of either 
process depends on a soil’s aeration status and texture. For example, upon incubating soils 
(25oC over 2 days) of varying texture, Friedl et al. (2018) found heterotropic nitrification 
dominated the production of NO3⁻ when WFPS was 95% in both a clay and a sandy soil, while 
in a loam it dominated at all WFPS values (40-95%), autotropic nitrification peaked at 60% 
WFPS in clay and sandy soils. The dilution of a given NO3⁻ pool by ongoing nitrification 
processes can be rapid following soil rewetting with gross nitrification rates > 20 g g-1 soil 
day-1 reported for subtropical pasture soil (Friedl et al. 2018). At cooler temperatures the 
dilution rate declines, for example, Thomas et al. (2019) applied weekly wetting-drainage 
cycles to intact silt loam soil cores receiving 250 kg N ha-1 as KNO3, maintained at 14oC over 
74 days, and observed a gradual decline in the 15N atom% of N2O from 48 to 20 atom%. 
Hence, the temporal decline in the 15N enrichment of the Wakanui soil’s denitrifying pool can 
be attributed to nitrification of antecedent soil N. This further demonstrates the difficulty of 




rapidly and it is likely to be a greater problem where soils have been air-dried and repacked as 
opposed to intact soil studies. 
The relatively lower fraction of air soil content in the Wakanui soil (Figure 39) was due to the 
higher clay content, the lower sand content, and the greater mass of smaller aggregates (Figure 
36). This decreased air water content resulted in lower values of Dp/Do driving down the O2 
diffusion so that both the volume of anaerobic soil and the period of anaerobicity were 
theoretically higher than in the Otorohanga soil. However, the Otorohanga soil generated N2O 
fluxes in response to the wetting-drainage cycles, even though they were 5-fold lower, 
suggesting that aerobic mechanisms were responsible for inducing these N2O fluxes. Indeed, 
these N2O fluxes began increasing at soil Dp/Do values generally considered aerobic (> 0.02): 
at bulk densities of 1.0 and 1.1 Mg m-3 the N2O fluxes began to increase at a Dp/Do value 0.05 
while at a bulk density of 0.9 Mg m-3 peak N2O fluxes generally occurred between Dp/Do 0.05 
and 0.10. Thus, while soil physical conditions were indicative of the soil being generally 
aerobic for much of the wetting-drainage cycles other factors must have contributed to the 
formation of anaerobic conditions in response to the wetting-drainage cycles. The lower N2O-
15N enrichment in the Otorohanga soil N2O fluxes also shows the applied NO3⁻ made a much 
lower contribution to the N2O flux than in the Wakanui soil indicating that antecedent soil N 
comprised a significant portion of the N2O evolved. Given these results and the higher C 
content of the Otorohanga soil, along with the decline in DOC, it is likely that higher rates of 
respiration in the Otorohanga soil resulted in greater O2 consumption. Petersen et al. (2013) 
recorded N2O emissions from cropping system soils at Dp/Do > 0.02 following a simulated 
freeze-thaw cycle, and attributed this to an increased O2 demand due to inputs of C from crop 
residues. Friedl et al. (2018) also observed N2 fluxes at Dp/Do values > 0.02 due to the wetting 
up of dry pasture soil releasing C and N. In their 15N tracing study Friedl et al. (2018) were 




denitrification responding positively to NO3⁻ supply, with increasing heterotrophic respiration 
generating a reduction in the redox potential which in turn shifted NO3⁻ consumption from 
denitrification to DNRA. The current study does not permit such a delineation of microbial 
pathways for N2O generation but it is likely that redox effects similar to those observed by 
Friedl et al. (2018) also occurred.  
The initial dilution of the NO3⁻-15N enrichment occurred as a consequence of NO3⁻ formation 
during air-drying. Subsequent declines in the 15N dilution rate of the NO3⁻ pool, assumed to 
match that of the N2O-15N enrichment, were much slower in the Otorohanga soil than observed 
in the Wakanui soil, indicating a slower net rate of nitrification. Friedl et al. (2018) observed 
higher rates of NO3⁻ production, dominated by heterotrophic nitrification in clay and loam soils 
while lower net nitrification rates occurred in a sandy clay loam dominated by autotrophic 
nitrification. Thus, the Otorohanga soil, with greater porosity and sand content, may have had 
a lower denitrification rate due to the dominance of autotrophic nitrification. Accordingly, 
nitrification will also have contributed to the observed N2O emissions. 
Clearly there is an effect of soil texture and structure on drainage rate and residual soil moisture 
which in turn directly effects Dp/Do. While the results confirm the relationship between Dp/Do 
and N2O emissions they also demonstrate that the soil O2 demand may further reduce soil redox 
in soils with high organic matter contents following wetting-drainage events. The in situ effects 
of this in perennial pasture systems should be further assessed, ideally with accompanying 
measures of soil O2, respiration and soil structure. Also highlighted by these results is another 
obstacle in the determination of N2 fluxes: the dilution of 15N enriched nitrate pools over longer 
experimental periods due to the relatively rapid dilution of the 15N pool by antecedent soil N. 
This calls for adjustments in the experimental designs and/or the use of more sensitive methods 
of N2 flux determination (e.g. Scheer et al., 2016) when assessing the effects of wetting-




 Synthesis of the data from the previous two 
chapters 
In Chapter III and Chapter IV it was shown that Dp/Do was arobust measure for predicting the 
onset N2O emissions from denitrification from varying soil types and ρb treatments. This is 
consistent with the theory of Farquharson and Baldock (2008) who explained that for a given 
WFPS the volume of fraction of air varies depending on the soil ρb, making Dp/Do a better 
predictor for N2O emissions. Plotting Dp/Do and WFPS density distribution curves also showed 
that values of Dp/Do had lower scatter distribution curves and produced a better relationship 
than WFPS over treatments (Figure 49, Figure 50). The increase in N2O fluxes occurred as 
condition became increasingly anaerobic, as defined by a decline in Dp/Do. Maximum N2O-N 
fluxes occurred at a mean Dp/Do value ≤ 0.006 (Figure 49) which supports the earlier results 
found by Balaine et al. (2013), and studies published since the commencement of these 
experiments (Friedl et al. 2018; Chamindu Deepagoda et al. 2020). Some lower fluxes were 
observed for Dp/Do values < 0.004 suggesting N2O entrapment in soil which can increase the 
potential to have a complete denitrification process and a reduction of N2O into N2 (Clough et 
al. 2005). No N2O emissions were observed for Dp/Do values > 0.02 in the Chapter II (Figure 
49, Figure 50), the limit for the onset of anaerobic condition in soils (Stepniewski, 1981). 
Similar trends were observed in Chapter IV except for the Otorohanga soil ( 
Appendix 1) where the O2 demand may have been increased due to a higher soil C content 
enhancing N2O emissions for Dp/Do values > 0.02 but these N2O fluxes were also 5-fold lower. 
The N2O peak intensity also varied according to the soil type which may suggest the 
involvement of other factors in the denitrification rate. The pH was acidic in all soils, especially 




Soil texture and structure were also proved to have an effect on drainage rate as observe in 
Chapter IV which in turn directly affects Dp/Do. The high organic matter contents in the original 
soil or caused by the wetting-drainage events, may be favourable for the soil O2 demand to 
reduce the soil redox even further.  
Plants compete with soil microorganisms for N. Thus, increased uptake of N by plants can lead 
to decreased N2O emissions (Niklaus et al., 2006; Baral et al., 2014). On the other hand, root 
exudation of easily metabolised organic compounds may increase microbial activity and then 
N2O production (Henry et al. 2008).  
The results so far were obtained from bare soil experiences. Thus, it is necessary to examine 
the relationships highlighted above in the context of a system that includes the plant factor(s). 
Moreover, in the next chapters the ability of the Dp/Do threshold (keeping the soil Dp/Do over 










Figure 49: Data distribution graphs showing the general distribution of N2O fluxes over gas diffusivity 
(A) and the density estimates of Dp/Do for the 4 different soil types (B) and bulk densities (C) in the 
first lab experiment (Chapter II). The dashed lines represent the 0.006 threshold (Balaine et al. 2013) 





Figure 50: Data distribution graphs showing the general distribution of N2O fluxes over WFPS (A) 
and the density estimates of the WFPS for the 4 different soil types (B) and bulk densities (C) in the 
first lab experiment (Chapter II).   
 
 
 Can pasture 
irrigation be scheduled 
using soil gas diffusivity: 
implications for urinary-N 
derived N2O fluxes, 




• Standard irrigation increased the frequency of anaerobic periods in the soil compared 
to optimised irrigation. 
• Anaerobic conditions did not favour N uptake by the plants and a significant decrease 
in the dry matter biomass was observed. 
• High irrigation frequency (standard treatment) did not increase the N2O emissions. 
• Long drying periods followed by a re-wetting event in the optimised irrigation may 
transform the aggregates and favour the Birch effect leading to release of labile 










Ruminant urine deposited onto temperate pasture generates hot spots for N2O emission. 
Such emissions are undesirable since N2O is a greenhouse gas and emissions from grazed 
pastures make a significant contribution to national greenhouse gas inventories. Processes 
generating N2O emissions from pasture soils are controlled by soil O2 levels. A measure of the 
ability for O2 to enter the soil is relative soil gas diffusivity (Dp/Do). The aim of this experiment 
was to examine the potential for managing soil N2O emissions by altering irrigation timing 
based upon modelled Dp/Do. This was investigated using repacked lysimeters, sown with 
perennial ryegrass (Lolium perenne), that received either a standard irrigation treatment (15 
mm every three days), or an optimised irrigation treatment where irrigation was applied when 
soil Dp/Do was 0.085 (equivalent to 50% of plant available water). Fresh cow urine enriched 
with 15N labelled urea was used to simulate a ruminant urine deposition event (700 kg N ha-1). 
In addition to N2O fluxes, soil moisture content, gas diffusivity, pasture dry matter production, 
and inorganic-N leaching data were collected. Standard irrigation resulted in lower cumulative 
N2O emissions than the optimised irrigation, potentially due to a greater periods of anaerobic 
conditions. Emission factors over the first 39 days of the experiment for optimised and standard 
irrigation treatments with urine were 1.26 and 0.12%, respectively. Cumulative pasture dry 
matter production and N uptake were higher in the optimised irrigation treatment. Macropores 








Anthropogenic emissions of N2O are dominated by agricultural sources (Ciais et al. 2013), 
with increases in emissions predominately the result of fertiliser-nitrogen (N) and animal 
manure use (Davidson 2009). Atmospheric concentrations of N2O have continued to increase 
at a rate of 0.73 ± 0.03 ppb yr-1 over the last three decades, due to the creation of reactive N 
and the ensuing anthropogenic N2O emissions from agriculture (Ciais et al. 2013). This is of 
environmental concern because N2O is both a potent greenhouse gas and, currently, the 
dominant ozone depleting emission (Ravishankara et al. 2009; Ciais et al. 2013). Grazed 
grasslands generate > 10% of global N2O emissions (Oenema et al. 1997) as a result of 
fertiliser-N inputs and ruminant urine patch formation. The ruminant urine patch forms after 
ruminant urine deposition and results in a N loading far in excess of the pasture’s immediate N 
demands (Clough et al. 2020). 
Production of N2O within the urine patch results from a cascade of N transformations. 
Initially ammonia (NH3) is transformed in an aerobic process termed ‘nitrification’. In the urine 
patch this is predominately performed by NH3 oxidising bacteria (AOB) (Di et al. 2009), rather 
than the NH3 oxidising archaea (AOA), to produce hydroxylamine, nitric oxide, nitrite and 
nitrate (Caranto and Lancaster 2017; Stein 2019). If soil conditions become hypoxic AOB 
generate N2O through an enzyme driven process termed ‘nitrifier-denitrification’, and N2O 
may also be generated via abiotic and biotic transformations of the metabolic intermediaries as 
AOA and/or AOB oxidise NH3 (Stein 2019). If conditions become anaerobic AOB may also 
generate N2O via the anaerobic oxidation of hydroxylamine (Stein 2019). Under anaerobic 
conditions denitrification also produces N2O as an obligate intermediary following the 
reduction of nitrate, nitrite, and/or nitric oxide (Zumft 1997), with the ultimate step the 





to oxygen (O2). Even though N2 is environmentally benign, emissions of N2 can result in a 
significant economic loss of N from pasture soils and reduced N use efficiency. Thus, the level 
of O2 within the soil dictates the process generating N2O and its fate within the soil. 
Although N2O production can occur in pasture soils across a variety of soil O2 
concentrations, the bulk of the N2O emissions from urine patches in pasture soils tend to occur 
under soil conditions that are at least hypoxic, if not anaerobic; during seasons when the soil is 
wetter, such as autumn and winter (de Klein et al. 2006), or following irrigation events (Vogeler 
et al. 2019). Soil water-filled pore space (WFPS) has traditionally been used to describe the 
susceptibility of soils to N2O production (Linn and Doran 1984) . However, Farquharson and 
Baldock (2007) show this becomes problematic when comparing soils of varying bulk 
densities. Trampling by grazing animals can alter the gas diffusion in the soil by compacting 
the topsoil, which is indicated by increased bulk density and decreased macroporosity (Sitaula 
et al. 2000) (Singleton et al. 2000). Soil compaction by tractor traffic is also a widespread 
problem in modern agriculture (Hansen et al. 1993; Breland and Hansen 1996).  
The O2 concentration within the soil is a function of supply, the ability for O2 to diffuse 
into the soil, and the demand for O2, the consumption of O2 via respiration. The diffusion of 
O2 through the soil primarily occurs due to soil-gas diffusion as described by the dimensionless 
soil gas diffusivity term Dp/Do, where: Do is the gas diffusion coefficient of O2 in free air (m2 
air s-1) and Dp is the gas diffusion coefficient of O2 in the soil (m3 soil air m-1 s-1). Stepniewski 
(1981) reported anaerobic conditions commenced when Dp/Do was < 0.02. However, anaerobic 
conditions may be attained prior to diffusivity dropping to such a value in C rich soils as a 
consequence of higher consumption of O2 (Petersen et al. 2013; Friedl et al. 2016). Balaine et 
al. (2013) found that for a sieved soil, repacked to varying bulk densities and held at varying 
water contents, measures of Dp/Do were better than WFPS for predicting N2O emissions, with 





et al. (2020) found this result to be consistent when comparing several repacked pasture soils. 
Stimulation of N2O emissions has also been observed in situ when Dp/Do declined to 0.006 in 
a pasture soil (Owens et al. 2017) and in intact soils cores within a Dp/Do range of 0.005-0.01 
(Chamindu Deepagoda et al. 2019). Further studies, with both repacked soil cores and in situ, 
have shown increases in N2 emissions as soil Dp/Do declines below 0.006 (Balaine et al. 2016; 
Friedl et al. 2017). Consistent with this is the observed consumption of 15N-labelled N2O at 
Dp/Do values of 0.003 (Klefoth et al. 2014). 
Manipulation of Dp/Do could be an approach to mitigating N2O emissions and reducing 
N2 emissions. A management practice that alters soil Dp/Do is irrigation. The manipulation of 
irrigation has been shown to mitigate N2O emissions for cotton and sorghum crops (Scheer et 
al. 2008; Jamali et al. 2015). The effects of irrigation frequency and intensity were modelled 
by Vogeler et al. (2019) who found high frequency/low intensity irrigation that resulted in zero 
moisture deficits after irrigation generated the highest N2O emissions. Conversely, Mumford 
et al. (2019) found that higher N2O emissions occurred under low frequency (15 day interval) 
irrigation events applied to pasture receiving fertiliser (26 kg N ha-1 after simulated grazing 
events; 381 kg N ha-1 yr-1), potentially due to the soil environment being less conducive to 
N2O consumption and an enhanced availability of carbon (C). The potential for irrigation 
management to mitigate N2O emissions from pasture ruminant urine patches, where urine-N 
rate deposition may average 613 kg N ha-1 (Selbie et al. 2015), has not been investigated. 
Using a lysimeter set-up this experiment measured N2O fluxes, plant N uptake and 
nitrate leaching following ruminant urine application under a standard and optimised irrigation 
with the later based on maintaining a value of Dp/Do where O2 diffusion could occur. It was 
hypothesised that maintaining the soil Dp/Do above a value of 0.02 would mitigate urine-N 






 Materials and methods 
 Lysimeter design 
Soil, classified as a Wakanui silt loam soil (Mottled Immature Pallic Soil; Lilburne et al. 2012), 
was obtained in June 2019 from a dairy farm pasture at Lincoln University (43°38’27.0456”S, 
172°27’45.7308”E). The soil was air dried and sieved to ≤ 2 mm, and then a subsample was 
taken to determine the gravimetric water content by drying at 105oC for 24 h. Sixteen repacked 
soil lysimeters were constructed using polyvinyl chloride (PVC) cylinder pipe (200 mm long 
x 150 mm diameter, Figure 51). Air-dried sieved soil was packed into the PVC cylinders to a 
depth of 180 mm to achieve a soil ρb of 1.2 g cm-3. This soil ρb was chosen because in Chapter 
III, the soil total N2O-N fluxes were higher with increasing soil b (P < 0.05). A nylon mesh 
(0.25 mm) was fastened to the base of the lysimeter to prevent soil egress and the lysimeter 
base was supported by an aluminium wire mesh (Figure 51). This, in turn, sat within a funnel 
that was connected to a 1 L leachate collection bottle. Perennial ryegrass (Lolium perenne 
cultivar -Excess AR37) pasture was then sown (20 kg ha-1). The lysimeters were placed on 
benches in the glasshouse to allow pasture to establish (3 weeks in total). Glasshouse 
temperatures ranged between 16 and 24oC (Figure 54) and the plants received 16 hours of light 
(Lumatek HPS 600W lamps) every 24 hours to mimic summer growth conditions. Before 
starting the experiment, a subsample of the sieved soil was taken and analysed for pH, DOC 






Table 5: Soil (0-10 cm) characteristics before urine application. Texture analyses were performed 
using a laser diffraction particle analyser (mastersizer 3000, Malvern Panalytical). IUSS stand for 










Coordinates 43° 38’ 27.0456” S; 172° 27’ 45.7308” E 
Soil type  Wakanui Mottled Immature Pallic Silty Loam  
Texture class  Silty Loam  
Clay (%) IUSS 22.3 
Silt (%) IUSS 53.4 
Sand (%) IUSS 24.3 
DOC (µg g-1) 225.9 ± 2.2 (s.e.m) 
NO3–-N (µg g-1) 8.96 ± 0.35 (s.e.m) 
NH4-N (µg g-1) 6.42 ± 0.41 (s.e.m) 
pH 5.34 
Bulk density (g cm-3) 1.2 
 





 Experimental design 
The experiment had a factorial design consisting of four treatments replicated four times: 
treatments were cow urine (plus or minus) and irrigation (standard or optimised). Fresh dairy 
cow urine, containing 5.23 g N L-1, was collected from the Lincoln University Dairy Farm 
(Figure 52). The urine-N rate to be applied was 700 kg N ha-1, typical of a cow urination event 
(Selbie et al. 2015). The collected urine was adjusted with 15N-labelled urea so that the urine 
applied had an N concentration of 13.6 g N L-1 (calculation based on the average size and 
concentration of a urine patch, Moir et al. 2011) and an enrichment of 14.5 atm% excess. On 
the 18th of July 2019, day 1 of the experiment (Figure 54), 0.091 L of urine was applied to the 
aligned treatments while non-urine treatments received the same volume of water. In general, 
the total N content in cow urine ranges from 6.8-21.1 g N L-1 of which about 69% is present as 
urea (Bristow et al. 1992). In the soil, urea is hydrolysed to form NH4+ which forms an 
equilibrium with NH3 based on soil pH (Sigurdarson et al. 2018). Ammonia was present at the 
lysimeters surface, as evidenced by the NH3 odour, at the beginning of the experiment. To limit 
the possible loss of NH3-N, 15 mm of water was applied in both irrigation treatments 5 days 






Based on typical evapotranspiration rates and irrigation return times farmers in 
Canterbury, New Zealand, typically apply 12-15 mm every 3 days to pastures during the 
summer months (Owens et al. 2016). With a lysimeter surface area of 176.7 cm2 and a 15 mm 
irrigation event this equated to 265 cm3 of water. The standard irrigation treatments consisted 
of 265 mL of water applied on each lysimeter every 3 days (Figure 54, blue triangles). A survey 
of farmers in Canterbury, to document irrigation strategy, found 57% of farmers started 
irrigation in the shoulder seasons when soil contained the equivalent of 50% of plant available 
water (PAW) with the majority stopping irrigation at 80% of PAW (Birendra et al. 2018), this 
approach follows the good practice irrigation guidelines. Thus optimised irrigation occurred at 
an irrigation trigger point (TP) equal to 50% of PAW, a soil moisture content that avoids plant 
stress and yield loss, and which aimed to restore soil moisture to 80% PAW (Figure 53). The 
amount of PAW is the difference between the soil moisture at field capacity (FC) and 
permanent wilting point (PWP).  






The value of PAW was determined by first determining the soil’s FC: the lysimeters were 
saturated and allowed to drain for 24 h and then the volumetric soil moisture content (v) was 
calculated. Then the soil PWP, the value of v at -1500 kPa, was determined using a soil 
subsample and a WP4C dew point potentiometer (Decagon Devices Inc.). Values of v at FC, 
80% of FC, TP, and PWP were 0.413, 0.346, 0.236 and 0.140 cm-3 cm-3, respectively. 
Up until day 39 of the experiment the observed N2O fluxes were relatively low in the 
standard irrigation treatment. Thus, to determine the potential for higher N2O fluxes to occur 
from this treatment both irrigation treatments were withheld for two periods; from days 39 to 
46 and from days 58 to 68. At the end of these irrigation withholding periods lysimeters were 
rewetted past the trigger point of the optimised irrigation treatment, up to 80% of PAW. These 
drying events resulted in a volume change potential of the soil generating the formation of a 
gap between the soil and the cylinder which could have compromised the leaching 
measurement. As a result, this gap was filled with liquefied petrolatum (Vaseline) as described 
Figure 53: Diagrammatic soil water response to irrigation events and rainfall with field capacity 
(solid black line), trigger point (solid red line), permanent wilting point (dashed red line) and 80% of 





in Cameron et al. (1992) and the lysimeter weight was adjusted to account for the added weight 
of the Vaseline. 
Lysimeters were weighed daily, prior to gas sampling, to determine their mass. This 
mass was used to calculate soil water-filled pore space (WFPS), which was in turn used to 
calculate v and volumetric soil-air content (Ɛ, m3 of air m-3 of soil) of the soil in each lysimeter. 
Then, these measurements were converted to Dp/Do values according to Moldrup et al. (2013) 
using the same equation (12) for a repacked soil used in section IV.3.2 with Cm, the media 
complexity factor, set to equal a value of Cm = 1 for repacked soil (Moldrup et al. 2013). 
Values of Dp/Do for FC, 80% of FC, TP, and PWP were 0.008, 0.026, 0.085, and 0.174, 
respectively. Note, the Dp/Do value at 80% of FC value (0.026) was over the threshold observed 
in the 2 previous chapters where N2O emissions decline, > 0.02, and also above onset of 







 Nitrous oxide fluxes  
Nitrous oxide fluxes were measured daily, from the 17th of July to the 26th of September 
2019, by screwing a gas-tight cover equipped with a septa onto the top of each lysimeter. Gas 
samples (10 mL) were taken at 0, 20, and 40 min, after placing the cover, using a 20 mL glass 
syringe equipped with a 3-way stopcock and a 25G hypodermic needle. Gas samples were 
injected into pre-evacuated 6 mL Exetainer® vials. Prior to analysis, the gas samples were 
brought to ambient pressure and analysed using a gas chromatograph (8610; SRI instruments, 
Torrance, CA) connected to a Gilson autosampler (Gilson 222XL; Gilson, Middleton, WI) as 
previously described (Clough et al. 2009). The change in the lysimeter headspace N2O 
Figure 54: Daily temperatures being measured for the gas sampling period. Urine was applied on day 
1 (yellow dashed line), the standard irrigation applications are shown by the blue triangles and the 
optimised irrigation by the blue highlighted areas. The red highlighted areas show the two periods 






concentration over time was used to determine the N2O flux according to Hutchinson and 
Mosier (1981). See equation (6) in section III.3.2.  
Emission factors (EF) were calculated by subtracting the cumulative N2O emissions occurring 
in a control treatment where no N was added (N2O0) from the cumulative N2O emissions in a 
given experimental treatment where N was added (N2Ox), then dividing this by the amount of 
N applied (NAPPx) as follows: 
𝐸𝐹 = (
𝑁2𝑂𝑥 − 𝑁2𝑂0 
𝑁𝐴𝑃𝑃𝑥
) × 100 (15) 
where the units of N2O and N inputs are the same (e.g., cumulative N2O in mg N2O-N m2 and 
NAPPx in mg N m2). 
 
 Soil, pasture biomass, root biomass, leachate 
sampling and 1 5N recovery 
Leachates were collected before each optimised irrigation event with the volume recorded and 
a subsample taken for NH4+ and NO3– determination (Figure 55). The leachates were filtered 
(0.45 m) and the filtrate was analysed for NO3– and NH4+ on a flow injection analyser 







Pasture biomass was hand-harvested by cutting to a 2 cm height above the soil, corresponding 
to the top of the lysimeters (Figure 56). Harvested pasture was dried for 2 days at 70oC and the 
dry matter production recorded. Pasture total N content and atom% 15N enrichment were 
determined by combustion on an isotope ratio mass spectrometer (IRMS, Sercon 20/20; 
Sercon, Chesire, UK). 
Figure 55: Leachates collected on 
the 31st of July 2019 (day 14). The 
darker leachates came from the 
lysimeters under the standard 






After the final N2O sampling event (70 days after the urine application) the lysimeters 
were destructively sampled. Pasture was harvested and the soil inside the lysimeters was 
extruded into a Ziploc® plastic bag. The roots were separated from the soil and then the soil 
was mixed before taking a 10 g subsample for gravimetric water content determination, after 
drying at 105oC for 24 h. The roots in the subsurface soil were washed and dried for 2 days at 
70oC and the dry matter weight recorded. Pictures were also taken of the bottom of each 
lysimeters to observe the root density (Figure 57). Then soil pH was measured using a 
calibrated flat surface pH electrode (Broadley James Corporation, Irvine, CA.) for the surface, 
middle (9 cm) and bottom (18 cm) depths of the lysimeters. A further subsample of soil, 
equivalent to 4 g of oven dry soil, was shaken for 1 h with 40 mL of 2M KCl. After this time 
the extracts were filtered (Whatman 42) and analysed for NO3–-N and NH4+-N on a flow 
injection analyser (Blackmore et al. 1987). The atom% 15N enrichments of the NH4+ and NO3– 
were determined by using the diffusion technique for KCl extracts and leachates samples as 





described by Brooks et al. (1989), followed by IRMS analyses. The 15N recoveries from the 
15N–labeled urine in the plant, leachate and soil were calculated using the method of Cabrera 
and Kissel (1989): 
𝑁 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 = 100 ×  (𝑝 × (𝑐 − 𝑏)) (𝑓 × (𝑎 − 𝑏))⁄ (16) 
Where, p = moles of N in the labelled sample, f = mole of N in the urine applied, c = atom% 
15N abundance in the labelled sample, a = atom% 15N abundance in the urine and b = atom% 
15N abundance in the control (unlabelled sample). To determine dissolved organic carbon 
(DOC) a soil subsample (equivalent to 5 g of oven dry soil) was extracted with 30 mL of 
deionised water by shaking for 30 minutes prior to centrifugation (3,500 rpm for 20 minutes) 
and filtration (Whatman 42), with subsequent analyses performed on a Shimadzu TOC analyser 
(Shimadzu, Oceania Ltd., Sydney, Australia). Total soil carbon was also measured by 






 Statistical analyses  
Statistical analyses were also performed using R studio and followed the same procedure as 
explained in section III.3.4. Urine (2 levels: on and off), irrigation conditions (2 levels: Opt and 
Std), combined treatments (4 levels: off_Std, on_Std, off_Opt and on_Opt) and days were the 
explanatory variables (Appendix 4).  
  
Figure 57: Lysimeter soil destructive sampling day (26/09/2019-day 71). Left: whole lysimeters out of 
PVC cylinder. Top right: incision in the middle to take pH measurements and soil samples. Bottom 
right:  two views from the bottom of lysimeters number 8 (urine on) with few roots and number 9 






 Soil water content and gas diffusivity  
Over the first 40 days of the experiment standard irrigation returned the soil water 
content, regardless of urine treatment, close to field capacity (ca. 75% WFPS). During the 
periods that irrigation was withheld the soil moisture in the standard irrigation treatment was 
reduced to as low as ~20% WFPS with the urine treatment losing more water during these 
periods than the non-urine treatment (Figure 58). Under optimised irrigation WFPS ranged 
from 43 to 66% before the withholding periods, it gradually declined until the irrigation trigger 
point was reached on day 19 with irrigation then increasing WFPS. When withholding 
irrigation the optimised irrigation treatments attained a lower WFPS than the standard irrigation 






Trends in the modelled Dp/Do values mirrored those observed for soil WFPS with 
standard irrigation causing diffusivity to decrease, with values oscillating around those aligned 
with FC. During optimised irrigation Dp/Do values were maximised at the designated trigger 
point for irrigation (0.085) and declined, following irrigation, to values that were slightly higher 
than those calculated for soil at 80% FC (Figure 59). When irrigation was withheld modelled 
Dp/Do values increased faster in the optimised irrigation treatments, to such an extent that the 
Dp/Do values were higher than the theoretical value for PWP (0.174). In the standard irrigation 
treatment the peak modelled Dp/Do values were not as high (Figure 59). 
Figure 58: Water-filled pore space (WFPS) dynamics over time for optimised (Opt) and standard (Std) 
irrigation treatments with urine applied (on) or no urine applied (off). Data points are means of four 
replicates ± s.e.m. Urine has been applied on day 1 (yellow dashed line), the standard irrigation 
applications are shown by the blue triangles and the optimised irrigation by the blue highlighted 







 N2O fluxes 
From day 1 to 71 mean daily N2O-N fluxes were higher as a result of urine application 
(P < 0.05; Figure 60), as were the cumulative N2O-N fluxes from day 1 to 71. From day 1 to 
39, optimised irrigation also resulted in higher (P < 0.05) mean daily fluxes and cumulative 
fluxes, under urine, when compared with standard irrigation (Figure 60, Figure 61). Daily 
increases in N2O fluxes occurred from day 8 in the optimised irrigation treatment following the 
slow decline of Dp/Do toward the TP and these increased significantly after the first irrigation 
event (Figure 60). Nitrous oxide emissions in the optimised irrigation treatment with urine 
applied reached a maximum of 4.91 ± 2.23 mg m-2 h-1 on day 24 (Figure 60). In the standard 
Figure 59: Modelled soil gas diffusivity dynamics over time for optimised (Opt) and standard (Std) 
irrigation treatments with urine applied (on) or no urine applied (off). Data points are means of four 
replicates ± s.e.m. Urine has been applied on day 1 (yellow dashed line), the standard irrigation 
applications are shown by the blue triangles and the optimised irrigation by the blue highlighted 





irrigation treatment smaller but regular fluxes did occur post irrigation, between days 18 to 25 
(Figure 60). Cumulative N2O fluxes under the urine treatments from days 1 to 39 were almost 
10-fold higher in the optimised irrigation treatment than under standard irrigation (P < 0.05) 
and were 884 ± 268 and 88 ± 50 mg m-2, respectively (Figure 61). Without urine, cumulative 
N2O fluxes were lower than in the urine treatments and did not differ due to irrigation treatment, 
averaging 3.6 ± 0.1 mg m-2 over the first 39 days. Emission factors for optimised and standard 
irrigation treatments with urine were 1.26 and 0.12%, respectively, after 39 days. To ascertain 
the potential for increases in N2O fluxes within the standard irrigation treatment after day 39 
the irrigation treatments (both optimised and standard for uniformity) were withheld for two 
periods; from days 39 to 46 and from days 58 to 68. Following soil rewetting at the end of these 
non-irrigation periods significant increases in daily N2O fluxes occurred for both irrigation 
treatments where urine had been applied (Figure 60). Cumulative N2O fluxes under the urine 
treatments for days 39 to 71 for the standard and optimised irrigation treatments were 197 and 





Over the entire experimental period cumulative N2O fluxes in the standard and optimised 
irrigation treatments, without urine, were 12 ± 0.4 and 4 ± 0.1 mg m-2, respectively. The 
cumulative N2O flux under optimised irrigation was higher (P < 0.05) than under the standard 
irrigation when considering the entire experimental period (Figure 61) with fluxes of 1.15 ± 
0.3 g m-2 and 285 ± 7 mg m-2, respectively, equivalent to emission factors of 1.66 and 0.39%, 
respectively. 
Figure 60: Daily average N2O-N fluxes over time for optimised (Opt) and standard (Std) irrigation 
treatments with urine applied (on) or no urine applied (off). Data points are means of four replicates ± 
s.e.m. The standard irrigation applications are shown by the blue triangles and the optimised 







 Root characteristic, dry matter production and N 
uptake 
Cumulative dry matter production at the end of the experiment was affected by an 
interaction between irrigation and urine treatments: cumulative dry matter production increased 
with urine application (P < 0.01) but the increase was lower under the standard irrigation 
treatment (P < 0.05). With urine, the cumulative dry matter yields per lysimeter, at the end of 
the experiment were 7.43 ± 0.27 and 6.39 ± 0.49 g DM in the optimised and standard irrigation 
treatments, respectively (Figure 62). While without urine, the optimised and standard irrigation 
treatments, per lysimeter, were 3.54 ± 0.18 and 2.93 ± 0.05 g DM, respectively (Figure 62). 
Figure 61: Cumulative average N2O-N fluxes over time for optimised (Opt) and standard (Std) 
irrigation treatments with urine applied (on) or no urine applied (off). Data points are means of four 
replicates ± s.e.m. The standard irrigation applications are shown by the blue triangles and the 
optimised irrigation by the blue highlighted areas. The red highlighted areas show the two periods 





Similar dry matter production trends were observed during the first withholding irrigation: on 
day 44, with urine, the cumulative dry matter yields, per lysimeter, were 5.02 ± 0.17 and 3.50 
± 0.18 g DM in the optimised and standard irrigation treatments, respectively, equal to daily 
growth rates of 65 and 45 kg DM ha-1 d-1, respectively. While without urine, the optimised and 
standard irrigation treatments yielded 2.95 ± 0.01 and 2.11 ± 0.07 g DM per lysimeter, 
respectively, over the 44 day period (38 and 27 kg DM ha-1 d-1, respectively).
 
Differences in dry matter yields were reflected in N uptake, a function of dry matter yield and 
N content. Non-urine treatments had pasture N concentrations ranging from 2.39-3.64% with 
a mean of 2.98 ±0.07% which resulted in a mean N uptake of 0.0045 ±0.0002 moles N per 
lysimeter. With urine applied the average N content of pasture was higher (P < 0.05) ranging 
from 3.86 - 5.39%, with a mean of 4.40 ± 0.13%, for standard irrigation, and from 3.79-5.66%, 
Figure 62: Cumulative dry biomass collected 12 times over the total period of the experiment for 
optimised (Opt) and standard (Std) irrigation treatments with urine applied (on) or no urine applied 
(off). Data points are means of four replicates ± s.e.m. The red highlighted areas show the two periods 





with a mean of 4.56 ± 0.16%, for optimised irrigation. Under standard and optimised irrigation, 
with urine, the respective N uptake equalled 0.0183 ± 0.0018 and 0.0242 ± 0.0011 moles N per 
lysimeter. After allowing for the N taken up by the non-urine treatments this resulted in higher 
(P < 0.05) N uptake of urine-N by the optimised than the standard irrigation treatment, with 
mean values of 22.6 ± 1.2% and 15.9 ± 2.0% of urine-N applied, respectively. This trend was 
reflected in the update of 15N by dry matter (Table 6) with higher (P = 0.019) 15N recovery in 
the optimised irrigation (20.2 ± 0.9 %) compared to the standard irrigation treatment (14.8 ± 
1.2 %).  
 Root biomass at the end of the experiment for the 0-5 cm depth of the lysimeters was 
significantly higher in the standard irrigation treatment without urine compared to the others 
(Figure 63). A visual analysis of the bottom part of the lysimeters showed that the root density 
was higher in the non-urine treatment compared to the urine treatment (Figure 57).  
 
 





Table 6: 15N recovery (%) among the herbage, leachate and soil. Values are means (n = 4) at the end of the experiment and errors are standard error of the 
mean (s.e.m). 
 
 Plant Leachate NO3– Leachate NH4+ Leachate Total Soil Total 
Irrigation treatments Means of 15N recovery (%) 
Standard 14.8 (1.2) 0.9 (0.2) 4.6 (0.9) 5.5 (0.9) 4.2 (1.7) 
Optimised 20.2 (0.9) 1.0 (0.3) 1.1 (0.4) 2.1 (0.5) 2.0 (1.0) 
P value 0.0188 * 0.725 0.0189 * 0.0413 * 0.365 
 
 
 Drainage and inorganic-N leaching 
Leachate was collected on days 14, 22, 35, 49 and 68. At day 35, the last leachate collection 
prior to the withholding of irrigation, cumulative drainage differed due to irrigation treatment 
(P < 0.001) but not urine treatments (P = 0.3) averaging 347 ± 39 and 271 ±51 mm for the 
optimised irrigation, with and without urine, respectively, while in the standard irrigation 
treatment values were 648 ± 34 and 698 ± 60 mm for plus and minus urine treatments, 
respectively. This equated, on average, to 0.18 and 0.39 pore volumes of drainage for the 
optimised and standard irrigation treatments at this time. After the final leachate collection 
cumulative drainage under optimised irrigation, with or without urine, totalled 539 ± 96 and 
617 ± 179 mm, respectively. Higher cumulative drainage occurred under standard irrigation at 
this time, equal to 1321 ± 92 and 1359 ± 179 mm with or without urine, respectively. On 
average, cumulative drainage equated to 0.34 and 0.78 pore volumes for the optimised and 
standard irrigation treatments after final leachate collection. 
 The amount of NH4+-N leached varied due to the effects of irrigation treatment, urine 
and time which interacted (P < 0.01) to cause higher NH4+-N leaching under urine, and in 
particular the standard irrigation treatment (Table 7). Under both irrigation treatments the 
amount of urine N leached as NH4+-N was highest on day 14 where, despite similar leachate 
NH4+-N concentrations, more NH4+-N was leached under standard irrigation (Table 7). Under 
optimised irrigation NH4+-N leaching effectively ceased after day 14, but under standard 
irrigation NH4+-N concentrations remained higher, with significant leaching until day 35 
(Table 7). Ignoring the relatively minor contribution of soil to NH4+-N leaching as observed in 
the non-urine treatments, the NH4+-N leached under the urine treatments equated to 1.38 and 
5.76% of the urine-N applied in the optimised and standard irrigation treatments, respectively. 





experiment was 4.6 ± 0.9% and 1.1 ± 0.4% for standard and optimised irrigation treatments 
(only samples with urine), respectively (Table 6). This recovery was higher (P = 0.02) in the 
standard irrigation treatment.  
 Leachate NO3–-N concentrations were affected by urine, irrigation and time interaction 
(P < 0.01). This resulted in higher NO3–-N concentrations in leachate collected from under 
urine treated lysimeters, with higher concentrations in the optimised irrigation treatment from 
day 35 onwards (Table 7). While the total amount of NO3–-N leached, a function of drainage 
NO3–-N concentration and volume, tended to be higher under the optimised irrigation it was 
not statistically significant (Table 7) with NO3–-N from urine treatments representing 2.22 and 
1.46% of urine-N applied after allowing for contributions from soil N as observed in the non-
urine treatments. For NO3–, the 15N recovery in the cumulative leachate did not differ with 
irrigation treatments (P = 0.72) with an average of 0.9 ± 0.15% and 1.0 ± 0.3% for standard 







Table 7: Mass of inorganic-N collected in the leachates and concentration of inorganic-N at 
collection time for both NO3–-N and NH4+-N. Values are means (n = 4) and errors are standard error 
of the mean (s.e.m). 
 
Inorganic-N Day Irrigation and Urine Treatment 







NO3–-N (mg) 14 0.37 (0.28) 0.37 (0.13) 0.43 (0.17) 0.59 (0.05) 
 22 1.64 (0.47) 1.46 (0.78) 0.22 (0.06) 0.18 
 35 11.98 (4.83) 4.69 (2.00) 0.78 (0.38) 0.19 (0.04) 
 49 8.04 (3.85) 5.00 (0.94) 0.41 (0.08) 0.41 (0.02) 
 68 6.58 (3.22) 7.92 (4.39) < 0.20 < 0.20 
 Total 28.61 (6.99) 19.44 (4.98) 1.84 (0.43) 1.37 (0.08) 
      
NO3–-N (mg l-1) 14 2.45 (1.92) 0.77 (0.31) 3.76 (1.77) 0.78 (0.48) 
 22 9.82 (3.36) 6.88 (4.00) 1.80 (0.12) 0.10 (0.28) 
 35 61.56 (32.55) 10.97 (4.94) 3.20 (1.71) 0.33 (0.10) 
 49 74.34 (56.32) 7.25 (1.42) 0.84 (0.06) 0.11 (0.11) 
 68 98.11 (40.41) 13.22 (4.90) < 0.03 0.06 (0.23) 
      
NH4+-N (mg) 14 15.82 (5.09) 55.00 (9.99) 0.13 (0.26) 0.31 (0.05) 
 22 0.39 (0.11) 8.20 (2.72) 0.01 (0.10) 0.05 (0.01) 
 35 0.46 (0.15) 6.36 (2.15) 0.08 (0.06) 0.14 (0.03) 
 49 0.17 (0.11) 0.49 (0.20) 0.06 (0.07) 0.12 (0.04) 
 68 0.03 (0.01) 0.10 (0.02) 0.01 (0.12) 0.10 (0.04) 
 Total 16.87 (5.09) 70.15 (10.58) 0.29 (0.32) 0.72 (0.08) 
      
NH4+-N (mg l-1) 14 93.45 (26.74) 102.9 (12.7) 0.78 (0.21) 0.60 (0.08) 
 22 2.27 (0.64) 39.3 (12.6) 0.10 (0.004) 0.25 (0.10) 
 35 2.29 (1.00) 15.57 (5.44) 0.33 (0.19) 0.28 (0.09) 
 49 1.77 (1.60) 0.70 (0.29) 0.12 (0.04) 0.23 (0.11) 







 Soil pH, DOC and inorganic-N concentrations 
Soil pH at day 71 was higher (P < 0.05) than at the start of the experiment (5.34) but 
did not differ without urine applied, averaging 6.08 between irrigation treatments and sampling 
locations. Regardless of the sampling depth, optimised irrigation with urine resulted in no 
significant change to soil pH (5.94) but under standard irrigation it was lower (5.86; P < 0.05). 
For every treatments, the pH at the top (surface) of the cylinder was significantly higher than 
the pH taken at the bottom (18 cm) and middle part (9 cm) of the cylinder (Figure 64). 
 
Mean concentrations of DOC in the soil, extruded from the lysimeters, did not vary 
with treatment: without urine in the optimised and standard irrigation treatments DOC 
concentrations were 133 ± 4 and 118 ± 8 g g-1 soil, respectively, while with urine the 
optimised and standard irrigation treatments had DOC concentrations of 121 ± 19 and 127 ± 3 
g g-1 soil, respectively.  
Figure 64: pH averages at different depths in the lysimeters (low = 18 cm, middle = 9 cm and top = 
soil surface) during the destructive sampling (day 71) for optimised (Opt) and standard (Std) 
irrigation treatments with urine applied (on) or no urine applied (off). The red dashed line represents 





Prior to urine addition sieved soil mean (n = 3) NO3–-N and NH4+-N concentrations 
were 9.0 ± 0.4 and 6.4 ± 0.4 mg kg-1, respectively (Table 5). In the extruded soil at the end of 
the experiment more (P < 0.01) NO3–-N remained in the urine-treated soil than in soil where 
urine was not applied: when averaged across irrigation treatments mean NO3–-N concentrations 
were 22.7 ± 6.1 and 3.8 ± 1.3 mg kg-1, respectively. Soil NO3–-N concentrations were 
unaffected by irrigation treatment with optimised and standard irrigation having mean NO3–-N 
concentrations of 8.6 ± 4.0 and 18.0 ± 6.5 mg kg-1, respectively. No treatment interaction 
occurred to affect soil NO3–-N concentrations. 
While there was a tendency for higher NH4+-N concentrations under urine treatments 
the soil NH4-N concentrations at the end of the experiment were statistically similar under urine 
(P = 0.30) or irrigation (P = 0.38) treatments. Averaged across irrigation treatments mean soil 
NH4-N concentrations were 19.6 ± 16.0 and 2.1 ± 0.3 mg kg-1 in the urine and non-urine 
treatments, respectively. When averaged across urine treatments, mean NH4+-N concentrations 
were 3.5 ± 1.2 and 18.5 ± 23.3 mg kg-1 in the standard and optimised irrigation treatments, 
respectively. 
The 15N recovery as NH4+-N in the soil at the end of the experiment was low (< 0.7%). 
Consequently, the 15N recovery as soil inorganic-N was predominately due to NO3–-N 15N 
recovery. Table 6 shows that the 15N recovery in the soil at the end of the experiment was 4.2 
± 1.7% and 2.0 ± 1.0% in the standard and optimised irrigation treatment, respectively, with 








Daily dry matter production under the optimised irrigation treatment, with urine, was 
typical of summer growth rates for a fertilised irrigated pasture within the South Island of New 
Zealand (Dairy NZ 2020). The N content of this dry matter was also typical of pasture under a 
urine patch (e.g. Buckthought et al. 2015, 2016). The lower dry matter production under 
standard irrigation indicates conditions were not as conducive for pasture growth. Under 
standard irrigation, prior to day 36, values of modelled Dp/Do were generally < 0.02 indicative 
of the onset of anaerobic conditions (Stepniewski 1981): hypoxic conditions have previously 
been shown to result in lower dry matter yields and macronutrient uptake in winter rye 
(Stępniewski and Przywara 1992). A study by Eysholdt-Derzsó and Sauter (2017) showed that 
hypoxic conditions cause the primary root to grow sidewise in a low O2 environment, possibly 
to escape soil patches with reduced O2 availability. This is consistent with the higher root 
biomass observed in the standard treatment without urine and the visual analysis at the bottom 
of the lysimeters. While the N content of the dry matter produced under urine in the standard 
irrigation did not differ from optimised irrigation the resulting N uptake, a function of dry 
matter yield and N content, was lower due to the reduction in dry matter yield and this was also 
supported by the low 15N uptake in the standard irrigation treatment. Leaching of inorganic-N 
as NO3–-N, a function of NO3–-N concentration and drainage volume, was expected to be 
higher under standard irrigation due to the expected higher drainage losses. This did not occur. 
Instead leaching of inorganic-N initially commenced with macropore flow of urine derived N 
as evidenced by the relatively high NH4+-N concentrations under urine treatments, collected in 
drainage up until day 14. Leaching of NH4+-N had effectively ceased by day 22 in the optimised 
irrigation treatment under urine, but under standard irrigation it persisted until day 35. This was 
potentially the result of further macropore flow of NH4+-N in soil solution resulting from a 





Dp/Do at this time. This greater loss of NH4+-N potentially contributed to the lower 
concentrations of NO3–-N in the drainage from the standard irrigation treatment from day 35 
onwards. Regardless of irrigation treatment, under urine the presence of NO3–-N in the leachate 
indicated there was sufficient NO3–-N substrate available for denitrification.  
Similarly, the soil DOC concentrations at the end of the experiment indicated there was 
sufficient DOC for denitrification to occur (Beauchamp et al. 1989). During the periods where 
irrigation was withheld (after day 44) the drier soil conditions under optimised irrigation 
enhanced the formation of NO3–-N but the lower drainage volumes were insufficient to 
generate a statistically greater NO3–-N leaching loss. However, further irrigation and drainage 
events might have resulted in more NO3–-N eventually being leached as only 0.34 pore volumes 
had been collected at the end of the experiment under optimised conditions. Although 
countering this is the fact that NO3–-N concentrations within the soil at the end of the 
experiment, under urine treatments, did not differ with respect to irrigation treatment.  
The higher N2O fluxes under the urine treatment resulted from the hydrolysis of urea, 
contained in the urine, and the ensuing generation of inorganic-N pools (Clough et al. 2020). 
The N2O fluxes commenced at ca. day 7, typical of urine patch emissions (e.g. Clough et al. 
2009), once nitrite and the ensuing NO3–-N pool were generated. The resulting EFs over the 
first 44 days of the experiment are of a typical magnitude for pasture systems (Van der Weerden 
et al. 2020). However, contrary to the hypothesis, N2O fluxes were higher under the optimised 
irrigation. Measured N2O fluxes are of course net fluxes, the difference between the production 
of N2O and its consumption to N2 (Jayarathne et al. 2020b). While soil WFPS values indicate 
that the soil conditions in the urine treated soil with standard irrigation were potentially suitable 
for denitrification to occur (Linn and Doran 1984), the values of Dp/Do in this treatment over 
the first 37 days (the period prior to withholding irrigation) confirm soil conditions were in fact 





Balaine et al. (2016) where N2O was further reduced to N2. In the current study anaerobic 
conditions suitable for N2 production may also have occurred at a higher threshold than that 
observed by Balaine et al. (2016) if the O2 demand was exacerbated as a result of using 
repacked sieved soils, which may have enhanced microbial availability of C. The wetter soil 
conditions under the standard irrigation treatment would have also enhanced entrapment of 
N2O generated, increasing the opportunity for conversion to N2 (Letey et al. 1980; Clough et 
al. 2001, 2005) . Hence, lower N2O fluxes in the standard irrigation treatment under urine most 
likely resulted from conversion of N2O to N2 by denitrifiers. While standard irrigation resulted 
in wetter soil conditions the lower N2O fluxes under urine with standard irrigation were still 
responsive to irrigation events with lower fluxes on irrigation days (during days 15-30) and 
higher fluxes the day after an irrigation event, when Dp/Do increased, permitting the diffusion 
of N2O out of the soil. 
Nitrous oxide fluxes from the optimised irrigation treatment under urine were again 
likely the result of its formation from the nitrite and NO3–-N pools after day 7. These N2O 
fluxes were higher in the optimised treatment at this time due to lower WFPS and higher Dp/Do, 
which facilitated gas exchange with the atmosphere, and which demonstrate the presence of 
relatively higher aerobic conditions than in the standard irrigation. These conditions were not 
conducive to N2 production, since N2O reductase is highly sensitive to O2 (Zumft 1997), as 
demonstrated by Friedl et al. (2017) who recorded N2 fluxes from intensively managed 
subtropical pastures when Dp/Do declined below 0.02. Higher diffusivity would have allowed 
entry of O2 and the release of N2O via diffusion. Clearly, conditions were suitable for 
generation of N2O and this may have occurred via nitrifier-denitrification or incomplete 
denitrification. These more aerobic conditions under the optimised irrigation treatment were 
hypothesised to result in lower N2O fluxes following urine application but instead resulted in 





irrigation was applied 19 days after urine application, and which was still occurring on day 26 
when top-up irrigation was applied and after the last optimised irrigation event which was 7 
days after the top-up irrigation or 11 days after the first irrigation event. Mumford et al. (2019) 
examined the effects of irrigation frequency on N2O emissions from fertilised and intensively 
managed pastures, and found that reducing the irrigation frequency from 15 days to either 4 or 
10 days, with corresponding adjustments to irrigation rate, reduced N2O losses by 35-44%. 
They assumed that the higher N2O losses from under the lower irrigation frequency could have 
occurred as a consequence of the ‘Birch’ effect or changes in the N2O:(N2O+N2) ratio. The 
Birch effect (Birch 1958) results in the generation of available microbial C and N substrates as 
a result of wetting and drying events enhancing mineralisation and potentially disrupting 
aggregates which makes available further substrate (Bottner 1985). The consequences are two-
fold: first the provision of substrate and second enhanced aerobic respiration upon soil 
rewetting that in turn reduces O2 levels thereby promoting anaerobic conditions. A 7.4-fold 
higher N2O:(N2O+N2) ratio was demonstrated when rewetting repacked soil cores, previously 
dried to 10% WFPS, back up to 90% WFPS, versus drying to 45% WFPS and rewetting to 
75% WFPS: this was the result of more extensive drying stimulating mineralisation of N (Guo 
et al. 2014). Compounding this issue under urine patches may be the fact that solubilisation of 
soil organic matter occurs, a result of elevated soil pH within the urine patch. 
The periods of withholding irrigation further demonstrated this effect with elevated 
fluxes in urine treatments after subsequent irrigation on days 46 and 68. However, it is likely 
the substrate for these N2O fluxes was still dominated by the urine derived NO3–-N due to the 
significant urinary-N loading The elevated N2O fluxes under the standard irrigation treatment 
following these irrigation events also confirms that the application of standard irrigation up 





This lysimeter study confirms irrigation plays a role in altering N dynamics under urine 
affected pasture. The standard irrigation treatment, under the environmental conditions of the 
experiment, effectively overwatered the pasture as evidenced from the reduced growth rate of 
pasture. This was likely due to lower evapotranspiration than might be expected in situ due to 
factors such as a lack of wind. However, this irrigation regime also points to how maintaining 
soil moisture can reduce the N2O emission by promoting N2O consumption to N2. While the 
N2O emissions from the optimised irrigation treatment were higher the irrigation trigger point 
is typical of that used by many farmers in Canterbury (Birendra et al. 2018). 
Clearly, there exists a ‘sweet-spot’ within the soil where N2O reductase activity is 
maximised as a result of soil moisture and structure reducing Dp/Do and hence O2 supply, with 
the potential for increasing O2 demand to further influence this. Nitrous oxide reductase activity 
generates N2, reducing N use efficiency. Ideally irrigation activity should generate a ‘sweet-
spot’ for plant growth, optimising N uptake, and result in conditions that are sub optimal for 
the generation of N2O: upon completion of irrigation and water redistribution within the soil 
profile the soil profile should not develop hypoxia. The results of the treatments imposed in the 
current study indicate there was N2 production and impeded plant growth (standard irrigation) 
or the generation of hypoxia following irrigation (optimised irrigation). Conditions that fall 
outside the desired post irrigation sweet-spot. Glasshouse conditions may have contributed to 
standard irrigation developing N2O reducing conditions, with the lack of wind reducing 
evapotranspiration, and the use of sieved repacked soils may have also increased O2 demand 
in both irrigation treatments. 
While over irrigation can be readily prevented there remains a need to identify what 
level of PAW should be used to trigger irrigation. Currently, this level of PAW is based on 
plant requirements (Birendra et al. 2018). But the current data, and other recent irrigation 





emissions and improved water use efficiency (Scheer et al. 2008; Mumford et al. 2019) 
possibly due to reduced mineralisation. Soil Dp/Do may be a tool that could be used to 
determine this frequency as it can be used to ‘finger print’ the interaggregate (fast draining) 
and intra-aggregate (slow draining) pore structure (Jayarathne et al. 2020a). Modelling of soil 
Dp/Do is based upon readily available data (soil moisture and soil bulk density). Knowledge of 
the ability for O2 to diffuse into soil aggregate structures may help predictions, or 
understanding, of the potential for mineralisation as soils dry.  
 
 Conclusion 
For this experiment, standard and optimised irrigation treatment were compared in terms of N 
dynamics and soil Dp/Do. Soil gas diffusivity values used to trigger irrigation (50% of PAW) 
were established according to good practice irrigation guides. And the top up value (80% FC) 
for Dp/Do was supported by the results from Chapter III and Chapter IV, in other words, keeping 
the soil Dp/Do > 0.02. Drying of the soil between irrigation events, triggered when soil moisture 
was equivalent to 50% of PAW, generated more N2O than when irrigation was routinely 
applied every three days. Applying irrigation every three days increased anaerobic conditions 
as identified through lower soil Dp/Do which, in turn, reduced plant growth, N uptake and N2O 
emissions. Reductions in N2O emissions are attributed to complete reduction to N2. Higher 
N2O emissions following set irrigation events were attributed to enhanced mineralisation of C, 
during drying, resulting in increased substrate for microbial respiration that in turn promoted 
hypoxia and N2O generating processes. Future studies should examine respiration fluxes (O2 
demand and CO2 production) over differing levels of drying (varying Dp/Do) and subsequent 
rewetting and their relationship with N2O production to improve our understanding of how to 
minimise N2O emissions through irrigation management.
 
 
 Effect of 
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Highlights: 
• Higher cumulative N2O fluxes for the standard compared to the optimised irrigations 
• Dry matter production unaffected by irrigation treatment 
• Need for adjusting irrigation cycles to prevent the Dp/Do declining to ≤ 0.006, in 
the event of subsequent rain. 
 







 Abstract  
Often posited as the main limiting factor for plant growth, water is also indirectly responsible 
for soil N2O emissions. Soil moisture is the most important factor regulating the denitrification 
rate. Pastures require year-round access to water and in some location rely on irrigation during 
dry periods. Currently, there is a dearth of knowledge about the potential for using irrigation to 
mitigate N2O emissions. This study aimed to mitigate N2O losses from intensely managed 
pastures by adjusting irrigation frequency using soil gas diffusivity thresholds. This was 
investigated, over two field trials (field trial 1 and field trial 2), using automatic chambers in a 
field where perennial ryegrass (Lolium perenne) pasture was predominant. Two irrigation 
regimes were compared; a standard irrigation treatment based on routine farmer practice (15 
mm applied every 3 days) versus an optimised irrigation treatment where irrigation was applied 
when soil relative gas diffusivity (Dp/Do) was ≈ 0.033 (equivalent to 50% of plant available 
water). Cow urine was applied at a rate of 700 kg N ha-1 to simulate a ruminant urine deposition 
event. In addition to N2O fluxes, soil moisture content and modelled Dp/Do were monitored 
automatically every hour and pasture dry matter production was measured. During the 
irrigation period for field trial 1, standard irrigation practices resulted in higher (P = 0.09) 
cumulative N2O emissions than the optimised irrigation treatment. The optimised irrigation 
treatment was also favoured in field trial 2 as there was a significant decrease in cumulative 
N2O emissions compared to the standard irrigation. Despite growth rates lower than the 
summer average for fertilised irrigated pastures, both irrigation treatments with urine were not 
significantly different. Denitrification during re-wetting events (irrigation and rain) contributed 
to soil N2O emissions. Future models for irrigation management based on Dp/Do thresholds and 
considering the rain and evapotranspiration predictions should be developed in order to reduce 







Nitrous oxide (N2O) is a potent greenhouse gas and is also the dominant ozone depleting 
substance (Ravishankara et al. 2009; IPCC 2014). Tropospheric concentrations of N2O have 
increased by 23% from 271 ppm to 333 ppb from about 1750 to 2020 (Ciais et al. 2013, NOAA 
2020). Since 1960 a key driver of this increase globally has been the increased use of synthetic 
nitrogen (N) fertiliser, while before 1960 the expansion of agricultural is thought to have 
increased atmospheric N2O as a result of soil N mineralisation (Davidson 2009). New Zealand 
has not been immune to the drive to intensify agricultural systems with a 627% increase in the 
annual application of N fertiliser between 1990 and 2017. Moreover, within some regions of 
New Zealand (Southland, Canterbury, Otago, West Coast) the amount of N fertiliser applied, 
predominately urea, doubled between 2002 and 2017 (Statistics New Zealand 2019). 
A major reason for this increased use of N fertiliser has been the intensification of land use 
resulting from the expansion of irrigation: the area of irrigated land doubled between 2002 and 
2017 (Statistics New Zealand 2019). In New Zealand 747,000 ha of land is irrigated with the 
bulk of this concentrated in Canterbury (478,000 ha; 64% of irrigated land) and Otago (94,000; 
13%): intensification of irrigated land has substantially increased dairy cattle numbers in these 
regions (Statistics New Zealand 2019). 
In these irrigated systems the ingestion of relatively N rich ryegrass-based pastures exceeds 
the metabolic N requirements of ruminants (Selbie et al. 2015). This leads to excess N being 
excreted predominately as urine-N (Jarvis et al. 1995), at rates that exceed the pasture’s 
immediate requirements (Selbie et al. 2015). As a consequence of these elevated soil inorganic-
N concentrations (nitrate and ammonium) nitrate leaching and N2O emissions are enhanced. 
Consequently, research has focused on feeding alternative forages, utilisation of catch crops, 
and nitrification inhibitors to reduce nitrate leaching and N2O emissions (Selbie et al. 2015; 





Carlton et al. 2019; Bryant et al. 2020; Malcolm et al. 2020). While some studies have 
examined the effect of irrigation management on nitrate leaching (Waddell et al. 2000; Carlton 
et al. 2018) few studies have examined the role of irrigation management on N2O emissions. 
High ammonium concentrations in pasture urine-patches stimulate ammonia oxidising 
bacteria (AOB) who produce N2O as a result of both abiotic and biotic transformations of their 
metabolic intermediates, and through nitrifier-denitrification (Stein 2019). The process of 
nitrifer-denitrification is stimulated when the soil becomes hypoxic (Zhu et al. 2013b; Wrage-
Mönnig et al. 2018; Stein 2019). The denitrification of nitrate is an anaerobic process where 
N2O is an obligate intermediary (Butterbach-Bahl et al. 2013) . Hence, soil O2 status, a function 
of supply and consumption, is a key determinant of the N2O production pathway in pasture 
soils.  
Soil moisture content, often measured as water-filled pore space (WFPS), influences the 
ability of O2 to diffuse into the soil and it is well recognised that increasing moisture leads to 
hypoxia and ultimately anaerobic conditions and increases in N2O emissions (Farquharson and 
Baldock 2007; Van der Weerden et al. 2014). However, at a constant WFPS the volume 
fractions of air and water vary with different soil bulk densities making comparisons of soils 
problematic (Farquharson and Baldock 2007). Balaine et al. (2013) showed that relative gas 
diffusivity (Dp/Do; where Dp is the soil gas diffusion coefficient (m3 soil air m-1 soil s-1) and Do 
is the gas diffusion coefficient in free air (m2 air s-1)) was better than WFPS for identifying the 
threshold of N2O production when comparing soils across a range of bulk densities and soil 
moistures. This was further confirmed using repacked soil cores, intact soil cores and in situ 
(Owens et al. 2017; Chamindu Deepagoda et al. 2019, 2020; Rousset et al. 2020). A Dp/Do 
value ≤ 0.02 indicates the onset of anaerobic soil conditions (Stepniewski 1981) while a value 





Irrigation impacts the soil O2 status displacing air from soil pores and creating hypoxic or 
even anoxic conditions in the soil required for the bacteria to create N2O emissions. While the 
manipulation of irrigation has been shown to mitigate N2O emissions in cropping systems 
(Scheer et al. 2014; Jamali et al. 2015) few studies have examined this concept with respect to 
pasture urine-patch N2O emissions. Vogeler et al. (2019) modelled the effects of irrigation 
frequency and intensity (with application based on soil water deficit) on N losses from pasture, 
across soil types, and found higher denitrification and N2O emissions under high-
frequency/low intensity irrigation regimes that resulted in a zero moisture deficit after 
irrigation. Mumford et al. (2019) determined the effects of irrigation frequency (4, 10 or 15 
day intervals, with the number of application events based on rainfall and evapotranspiration 
rates) on N2O emissions from intensively managed sub-tropical pastures receiving urea 
fertiliser (381 kg N ha-1 yr-1) and simulated grazing: this study demonstrated the potential for 
strategic irrigation practices to reduce N2O emissions. The highest cumulative losses of N2O 
were from the low frequency treatment (15 day interval) and were attributed to the potential 
for reduced N2 production being limited (lower N2O reductase activity in the low frequency 
treatment compared to high frequency treatment) and enhanced C and N supply for 
denitrification due to the well-recognised ‘Birch effect’ (Birch 1958). This study demonstrated 
the need to adjust irrigation cycles to reduce GHG emissions. The objective of this experiment 
was to investigate the potential to manipulate N2O emissions from ruminant urine-affected soil 







 Materials & methods 
This experimental work was conducted over two periods: summer 2019 and summer 2020. 
These two experimental periods shared the same experimental site and the same 
instrumentation. In the interest of clarity, the results will be distinguished by periods, named 
“field trial 1” for summer 2019 and “field trial 2” for summer 2020.   
 Experimental site 
The field trials were conducted on a regularly mown pasture at Lincoln University, New 
Zealand (43° 38’ 54.02” S, 172° 28’ 6.556” E), where perennial rye grass (Lolium perenne) 
was the predominant pasture species. The soil was a Wakanui Mottled Immature Pallic Silty 
Loam (Lilburne et al. 2012). The site is under sprinkler irrigation during the summer period 
(November to March) and receives irregular N fertiliser inputs. A total of 8 soils cores were 
used to determine the soil ρb that averaged 1.1 ± 0.03 (s.e.m) g cm-3. The soil N-inorganic and 
DOC concentration characteristics of the paddock are given in Table 8 (values for the 15th of 
November 2018) for field trial 1 and Table 9 (values for the 13th of February 2020) for field 
trial 2.  
An automatic weather station on site logged hourly rainfall, air temperature, humidity, solar 
radiation, wind speed and soil temperature (10 cm depth) data. The data were recorded on Vista 
Data Vision software. Potential evapotranspiration for short grass was calculated according to 
(Allen 2006): with the Sz parameter used to select which crop reference to use for the ETsz 





 Experimental design 
 Field tr ial  1  
A factorial randomised experiment was conducted comprising two urine treatments (nil urine 
or plus urine) and two irrigation frequencies (standard or optimised), replicated three times. 
Treatments were applied to 0.25 m2 plots defined by 12 pneumatically operated automated 
sampling chambers that were separated by 1 m buffer areas (Figure 65). Treatments were as 
follows:  
• standard irrigation – non urine (control);  
• standard irrigation – plus urine;  
• optimised irrigation – non urine;  
• optimised irrigation – plus urine.  
 
Figure 65: A schematic of the field trial 1 with the 12 chambers locations randomised per treatments 
with optimised (Opt) and standard (Std) irrigation treatments with urine applied (on) or no urine 





Standard irrigation comprised of a 3 day irrigation interval with 3.75 L (equivalent to 15 mm) 
of water applied at each irrigation event. This was chosen to simulate routine application rate 
and frequency used by local farmers (Owens et al. 2017) as explained in section V.3.2. The 
optimised irrigation treatment was determined based on using relative soil gas diffusivity 
(Dp/Do). First the soil’s field capacity (FC), defined as soil volumetric water content (v) 
following saturation and 24 hours drainage, and permanent wilting point (PWP), defined as 
soil volumetric moisture content at -1500 kPa, were determined. Field capacity was measured 
by taking 8 undisturbed soil cores from the field site (Figure 66) which were then saturated and 
covered for 24h until the rapid drainage had effectively ceased.  
 
The difference between FC less the PWP equated to the plant available water (PAW). 
Optimised irrigation aimed to replenish soil water reserves to a value equal to 80% of PAW, a 
moisture content less than FC. The trigger level for optimised irrigation to be applied was when 
50% of PAW was reached. The values of v for FC, PWP, the optimised irrigation trigger point 
and 80% of FC were 0.43, 0.14, 0.29 and 0.40 cm-3 cm-3, respectively. 
Soil moisture in situ was logged at 1 minute intervals and then averaged hourly using a series 
of frequency domain reflectometry (FDR) probes (Siemens and TM5) with sensors placed 
within the first 10 cm of the soil (Figure 67).  
Figure 66: Soil cores taken in 
the field to determine field 






Probes were calibrated using soil water characteristics identified by analysing intact soil cores 
from the site with output provided as v. These measurements and predetermined measures of 
soil ρb and soil Φ over the 0-10 cm soil depth were used to determine volumetric air content (, 
m3 air m−3 soil) as described in equation 1 (II.3.1). Hourly Dp/Do, and daily average values 
were then calculated (SWLR model, Moldrup et al. 2013) as described earlier (Equation 12). 
However, the measurements were taken on intact soil so the Cm, the media complexity factor, 
was set to equal a value of Cm = 2.1 for intact soil (Moldrup et al. 2013). Values of Dp/Do 
corresponding to FC, PWP, the optimised irrigation trigger point and 80% of FC were 0.004, 
0.122, 0.033 and 0.01, respectively. The 80% of FC Dp/Do value calculated (0.01) was > at 
0.006. In the optimised irrigation treatment the volume of water required to bring the soil back 
to 80% of FC, i.e. from a Dp/Do value of 0.033 to 0.01, was 2.75 L (11 mm). Note that 0.033 
value is closed to the boundary that demarcates the inter and intra-aggregate pore regions found 
by Jayarathne et al. (2020b) for pasture soil with a value of Ɛ equals to 0.3 cm3 cm-3 i.e. the 
equivalent of = 0.036 in the SWLR model used for this study. 
Vista Data Vision software was used to visualise the daily soil data results and make decision 
for the optimised irrigation. For field trial 2, the weather forecast for the optimised treatment 
(MetService) was part of the decision tool i.e. if the Dp/Do was close to TP (0.033) but rainfall 
Figure 67: Application of urine in 
the chamber. The FDR probes is 
placed in the middle of the 
chamber to measure the 
volumetric water content for the 





was expected, then irrigation was postponed. The non-urine treatment was used to determine 
the trigger irrigation point for field trial 1, given that most of a pasture area is unaffected by 
urine. 
Fresh bovine urine was collected from cows grazing perennial ryegrass-white clover (Trifolium 
repens) pasture and a 2 L volume of urine was applied per plot, to urine-receiving plots, at a 
rate equivalent to 700 kg N ha-1 on the 16th of November 2018 (Figure 67). 
 
 Field tr ial  2  
For field trial 2, conducted over a year after field trial 1, the 12 chambers were shifted one 
meter from their original places. Three spare plots on the right side of the field were also added 
to allow soil samples to be taken during the experiment without disturbing the chamber’ soil 
(Figure 68). Another major change compared to the field trial 1, concerned the number of 
treatments. After analysing the data for field trial 1, suggestions were made to improve the 
number of replicates (only 3 for the first trial). Since the nil urine treatments being really similar 
in term of N2O emissions (Figure 79) regardless of the irrigation condition (standard or 
optimised), the decision was taken to have three treatments with four replicates for the second 
field trial as follows:  
• standard irrigation – non urine (control);  
• standard irrigation – plus urine;  
• optimised irrigation – plus urine;  
The same FDR probes were used and identical thresholds for Dp/Do were identified. Fresh 
bovine urine was collected and applied in the chambers, to urine-receiving chambers, at a rate 







 Sample collection and analysis  
 Automatic  chambers for N 2 O f luxes 
Daily N2O fluxes were measured with pneumatically operated, automated sampling chambers 
(Mumford et al. 2019; Grace et al. 2020). The chambers (headspace height of 150 mm) were 
made from stainless steel frames with Perspex® walls and lids (insulated) to enable plant 
growth. Chamber bases (0.25 m2) were embedded 10 cm into the soil. During a sampling event, 
4 chambers (one replicate) closed for 60 minutes as observed in Figure 65 (chambers from bloc 
1 are closed while chambers from bloc 2 and 3 are open). Over this time automated sampling 
of the chamber headspaces occurred with a sample taken every 3 minutes in a sequential order, 
followed by a reference N2O gas sample (1 L L-1 N2O, BOC, New Zealand), taking a total of 
15 minutes. The sampling sequence was repeated a further three times giving a total of four 
Figure 68: A schematic of the field trial 2 with the 12 chambers locations randomised per treatments 
with optimised (Opt) and standard (Std) irrigation treatments with urine applied (on) or no urine 





samples per chamber headspace over the 60 minute period (Figure 69). Two independent 
software programs were run simultaneous to operate the autosampling system: 
• The GHG system software, which was developed by Queensland University of 
Technology, was used to control the entire sampling process. It connected to the 
program logic controller (inside the sample unit, Figure 70) to be able to start or stop 
the sample loop. This software also have a manual mode to be able to test each 
chamber line.  
• Peaksimple, a free software package provided by SRI Instruments, recorded data from 
the GC. It analysed the chromatography from the ECD providing the N2O data. 
Starting the sample loop sequence on the GHG system caused the measurement 
process on the Peaksimple software to start simultaneously.    
 






The automated chambers were sealed airtight during the sampling procedure by two lids that 
closed and opened via pneumatic actuators and using an air compressor (Figure 70). 
Gas samples were automatically transferred and injected into an in situ gas chromatograph (SRI 
8610C, USA) via a sampling box (Figure 70). The 4 chambers sampled were then automatically 
opened where upon the next set of 4 chambers closed, and the sampling sequence (Figure 69) 
was repeated. All 12 chambers were sampled once every 3 hours and eight times every 24 
hours. PeakSimple™ software was used to integrate the GC output in order to determine 
sample N2O concentrations. Any CO2 and H2O from the gas samples were removed before 
N2O was analysed via a scrubber containing sodium hydroxide and magnesium perchlorate to 
avoid any contamination during the GC determination of N2O concentration. The system was 
calibrated using reference N2O standards (BOC, NZ). The slope of the change in chamber 
headspace N2O concentration versus time was used to calculate the magnitude of the N2O flux 








Where, ∂C/∂t is the rate of change of N2O concentration inside the chamber, A is the surface 
area (m2) of the chamber, Vc is the total volume (L) of the chamber corrected for temperature 
and relative humidity, Mmol is molar mass of N2O (g mol-1) and Vmol is the volume of a mole 
of N2O (L mol-1) inside the chamber corrected for air temperature using the ideal gas law. The 
automated system and flux calculation details are further described in detail by (Barton et al. 
2008). The N2O flux rates were calculated and corrected for air temperature, atmospheric 
pressure and the ratio of chamber volume to surface area and expressed on an elemental weight 
basis as g N2O–N ha−1 day−1.  
An automated tipping bucket to measure rainfall was also connected to the automated chamber 








 Pasture biomass and soi l  samples  
Field trial 1: 
Pasture was cut to a uniform height of 5 cm prior to treatment application and harvested once 
at the end of the experiment (Figure 71). Harvested grass samples were dried at 60oC for 2 days 
and then weighed to determine dry matter (DM) production (Figure 71). Soil inorganic-N 
concentrations were determined pre-urine application, 6 days after urine application and at the 
end of the experiment (27 days after urine application). Soil cores (2 cm diameter, 7.5 cm long, 
Figure 72) were taken adjacent to the plots pre-urine and inside the plots post-urine application. 
Holes left following soil coring, 6 days after urine application, were plugged with Falcon™ 
Figure 70: The complete Sampling Unit setup in the shed including the top view of the sample unit. 
The computer is not present on the picture but was connected to the left of the sample unit. The 





tubes to prevent water and air ingress. Soil gravimetric water contents were determined prior 
to extracting the soil cores with 2 M KCl for one hour, filtering (Whatman 42) (Figure 72), 
with flow injection analysis (Alpkem FS3000) used to determine NO3–-N and NH4-N 
concentrations (Blakemore et al. 1987).  
Finally, further soil subsamples were extracted for dissolved organic carbon (DOC) using 5 g 
equivalent of dry soil and 30 mL of deionised water which was shaken for 30 min before 
centrifugation (2280 x g for 20 min, T=25 oC, model Kubota 8420), and filtration (Whatman 
42), with analyses performed on a Shimadzu TOC analyser (Shimadzu Oceania Ltd, Sydney, 
Australia). Water samples from the irrigation water were analysed for nitrate-N content and the 
average NO3–-N value was equal to 7.11 ± 0.03 (s.e.m) mg/L.   
 
 
Field trial 2:  
Pasture was cut to a uniform height of 5 cm prior to treatment application and harvested twice 
until the end of the experiment (Figure 71). Harvested grass samples were dried at 60oC for 2 
days and then weighed to determine dry matter (DM) production. 
Soil inorganic-N concentrations and DOC concentrations were determined as described above 
pre-urine application, and then before every irrigation treatments on the spare chambers (Figure 
68) and at the end of the experiment inside the 12 chambers (Figure 72). 







 Statistical analyses  
Statistical analyses were also performed using R studio and followed the same procedure as 
explained in section III.3.4. Urine (2 levels: on and off), irrigation conditions (2 levels: Opt and 
Std), combined treatments (4 levels: off_Std, on_Std, off_Opt and on_Opt) and days were the 
explanatory variables (Appendix 4).   
Figure 72: Soil samples taken on the last day of the experiment for the field 






 Rainfall,  soil temperature and irrigation cycles  
 Field tr ial  1  
Potential evapotranspiration ranged from 0.6 to 5.7 mm day-1 (Figure 73). Daily soil 
temperature was generally between 15 and 20oC (Figure 73). The field site received above 
average rainfall totalling 97 mm during the experimental period from 15 November 2018 to 13 
December 2018. On average, < 60 mm rainfall is normally recorded November-December at 
the site. Significant rainfall occurred soon after urine application from 18 – 21st November 
(Figure 73). Consequently, this delayed the commencement of irrigation treatments. Standard 
irrigation was applied from the 1st of December while the trigger for optimised irrigation 






Figure 73: Daily rainfall (blue bar), potential evapotranspiration (PET; yellow bar) and soil average temperature (black line) of a ryegrass pasture in 
Lincoln from the 15 November 2018 to 13 December 2018 following ruminant urine application (red bar). Blue and yellow arrows denote standard and 





 Field tr ial  2  
Potential evapotranspiration ranged from 0.9 to 4.9 mm day-1 (Figure 74). Daily soil 
temperature was generally between 10 and 15oC (Figure 74), slightly cooler than for the field 
trial 1. The field site received low rainfall, totalling 21 mm during the experimental period from 
13 February 2020 to 24 March 2020. It was a particularly dry period as on average, around 50 
mm rainfall is normally recorded in February-March at the site. Significant rainfall occurred 
on the 22nd of February with 12.8 mm of rain (Figure 74). The first irrigation treatment was 
applied 3 days and 5 days after urine application for standard and optimised, respectively 








Figure 74: Daily rainfall (blue bar), potential evapotranspiration (PET; yellow bar) and soil average temperature (black line) of a ryegrass pasture in 
Lincoln from the 10 February 2020 to 24 March 2020 following ruminant urine application (red bar). Blue and yellow arrows denote standard and 
optimised irrigation events, respectively and the dashed blue line the rain simulation (6.7mm) on the 24th March 2020. The error bars represent the night 





 Soil water content and gas diffusivity evolution  
 Field tr ial  1  
Figure 75 shows the changes in WFPS, measured for each chamber using the FDR probes. 
Without urine no water was applied to compensate for urine application in the urine treatment 
and soil moisture declined until rainfall occurred. Without urine replicate measures of WFPS 
were reasonably consistent for each chamber over time showing that rainfall and standard 
irrigation events returned the soil moisture to 80% WFPS, close to the calculated FC of 83%, 
and that after 30th November soil WFPS was predominately close to 60% WFPS under standard 
irrigation (replicates 1 and 2). The exception was replicate 3 where WFPS followed the same 
trend but charted higher over this period. For optimised irrigation, without urine, WFPS after 
30th November was generally 50-60% with clear increases due to rainfall (5th and 12th 
December) or irrigation (10th December) and good agreement between replicates. Under urine 
with standard irrigation similar maximum WFPS values were observed without the initial 
drying over the first two days seen in the non-urine treatment. However, following heavy rain 
on 18-20th November the WFPS under the urine treatments inexplicably decreased. This 
phenomena might be explained by the probes settling and losing soil contact/opening up air 
gaps after the rain event. Further inexplicable increases in WFPS occurred in the optimised 
irrigation treatment (29th November) despite no rainfall or irrigation at this time (replicates 1 
and 3). Subsequently, data from these two FDR probes were not used further to calculate Dp/Do 






The rainfall events early in the experiment (Figure 73) resulted in soil Dp/Do values being 
below a value of 0.006 until the 28th November (Figure 76). After this time standard irrigated 
treatments had Dp/Do values between 0.006 and 0.02 while optimised irrigation treatments had 
Dp/Do values that were in excess of 0.02 as the soil became drier. Under the optimised irrigation 
treatment Dp/Do values increased, with a decline due to rainfall on 5 December, until the trigger 
point was reached where upon irrigation applied in conjunction with rainfall increased the 
Dp/Do in the irrigated treatment to above 0.01 at the end of the experiment (Figure 76). 
 
  
Figure 75: Field trial 1 daily average in situ WFPS (%) from the 15 November 2018 to 13 December 
2018 with or without urine and under standard (STD) or optimised (OPT) irrigation. The data are 
represented per replicates. The red bar shows the date of the urine application event. Error bars = 





Figure 76: Field trial 1 modelled, daily average soil relative gas diffusivity (Dp/Do) from the 15 November 2018 to 13 December 
2018. The vertical red bar shows the date of the urine application event. Blue and yellow arrows denote the standard (STD) and 
optimised (OPT) irrigation applications, respectively. Error bars = s.e.m, n=3.The black dashed horizontal line represents 80% 





 Field tr ial  2  
Figure 77 shows the changes in WFPS, measured for each treatment using the FDR probes for 
field trial 2. The urine application (and water for the non-urine treatment) on the 13th of 
February was followed by a significant increase in the WFPS content in the soil. Every 
irrigation day was followed by an increase in WFPS. Despite a greater volume of water being 
added during an irrigation event in the standard treatments (3.75 L vs 2.75 L for optimised), 
the increase of WFPS after every irrigation was not higher. Under standard irrigation, measures 
of WFPS were reasonably consistent over time (Figure 77), with or without urine, showing that 
standard irrigation events returned the soil moisture to ~ 65% WFPS every 3 days, lower than 
FC (83%). However, on the 16th of March, the WFPS in the standard irrigation with urine 
treatment dropped and only returned to 66% after the rain simulation on the 24th of March 
(Figure 77). For this last date, and with the same volume of water added in each chambers, 
WFPS were 58 and 80% for optimised irrigation with urine and standard irrigation without 
urine, respectively. The WFPS in the standard irrigation with urine reached its maximum (71%) 
after the rain event on the 23rd of February (vertical blue line, Figure 77). 
Soil Dp/Do values decreased after every irrigation events (Figure 78). Optimised irrigation was 
triggered when the Dp/Do value was ~ 0.033 and Dp/Do values stayed ≥ 0.01 (80% FC) over the 
experiment for this treatment. The lowest values for Dp/Do were observed on the 13th, 14th, 18th 
and 23rd of February for the optimised treatment. After urine application, the standard irrigation 
Dp/Do values were ≤ 0.02 (Figure 78). The rainfall event early on the 23rd of February (Figure 
78) resulted in standard irrigation soil Dp/Do values being equal to a value of 0.006. This 
threshold was also crossed by the standard without urine treatment (Dp/Do = 0.0025) at the end 






Figure 77: Field trial 2 daily average WFPS (%) from the 12/02/2020 to the 24/03/2020. The red bar represents the urine 
application, blue triangles and yellow horizontal lines denote the standard (Std) and optimised (Opt) irrigation applications, 
respectively. Error bars = s.e.m, n=4. Treatment with urine applied (on) or no urine applied (off).The blue vertical dashed line 






Figure 78: Field trial 2 modelled daily average relative gas diffusivity (Dp/Do) from the 12/02/2020 to the 24/03/2020. The red 
vertical bar represents the urine application, blue triangles and yellow horizontal lines denote the standard (Std) and optimised 
(Opt) irrigation applications, respectively. The blue vertical dashed line on the 22/02/2020 represents a major rain event 
(12.8mm) and the one at the end the rain simulation. Error bars = s.e.m, n=4. Treatment with urine applied (on) or no urine 
applied (off). 
Trigger point = 0.33 





 Dry matter production, inorganic -N, DOC and N2O 
fluxes 
 Field tr ial  1  
Dry matter production increased due to urine application but was unaffected by irrigation 
treatment. With urine the dry matter yields were 18.2 ± 1.2 (s.e.m) and 16.6 ±1.6 kg DM ha-1 
day-1 in the optimised and standard irrigation treatments, respectively. While without urine the 
optimised and standard irrigation treatments had growth rates of 11.1 ±2.8 and 8.2 ±1.5 kg DM 
ha-1 day-1, respectively. 
Soil NH4-N and NO3–-N concentrations pre-urine application were 16.2 ± 0.2 (± s.e.m) 
and 2.9 ± 0.1 µg N g-1, respectively. Six days after urine application soil NH4+-N and NO3–-N 
concentrations were 322 ± 33.0 and 10 ± 1.4 µg N g-1, respectively, in the chambers receiving 
urine on (Table 8). Under urine application soil NH4+-N concentrations had declined by the 
end of the experiment but no significant irrigation effect was observed (P = 0.176) with 
averages equal to 27.8 ± 8.8 and 13.4 ± 1.7 µg N g-1 for optimised and standard irrigation, 
respectively. Soil NO3–-N concentrations increased during the experiment (P < 0.05) but no 
irrigation effect was observed (P = 0.324) with an average of 157 ± 13 µg N g-1 and 134 ± 10 
µg N g-1 in the soil for optimised and standard irrigation, respectively. Inorganic-N 
concentrations in the non-urine control remained low with NH4+-N and NO3–-N concentrations 
≤ 12.6 ± 3.7 and 6.0 ± 1.7 µg N g-1, respectively (Table 8). NO3–-N concentrations were 
significantly lower (P < 0.05) in the non-urine treatments.  
Soil DOC concentration pre-urine application was 149.3 ± 14.1 µg g-1 (Table 8). At the 
end of the experiment, the urine treatment receiving standard irrigation had a lower DOC 
concentration (124.9 ± 14.9 µg g-1) compared to the start. The remaining treatments resulted in 










Table 8: Field trial 1 concentration of inorganic-N for both NO3–-N and NH4+-N and dissolved 
organic carbon measured in the soil (0–7.5 cm) per treatments. Values are means (n=3) and errors 
are standard error of the mean (s.e.m) 
    Total N-inorganic (µg N g-1 dry soil) 
Dissolved organic 
carbon 
Treatments  Date NH4+-N (± s.e.m) NO3–-N (± s.e.m) µg g-1 dry soil 
urine 
on_OPT 
15-Nov 16.1 (0.1) 2.9 (0.01) 149.3 (14.1) 
22-Nov 380.0 (29.2) 7.6 (2.6) – 
12-Dec 27.8 (8.8) 157.3 (12.7) 217.6 (13.5) 
urine 
off_OPT 
15-Nov 16.1 (0.6) 2.9 (0.1) 149.3 (14.1) 
22-Nov 2.8 (0.1) 2.0 (0.3) – 
12-Dec 7.2 (1.7) 3.1 (0.9) 227.4 (35.8) 
urine on 
_STD 
15-Nov 16.1 (0.1) 2.9 (0.02) 149.3 (14.1) 
22-Nov 264.6 (25.5) 12.5 (2.4) – 
12-Dec 13.4 (1.7) 133.6 (9.7) 124.9 (14.9) 
urine 
off_STD 
15-Nov 16.1 (0.1) 2.9 (0.02) 149.3 (14.1) 
22-Nov 7.5 (4.7) 1.9 (0.05) – 
12-Dec 12.6 (3.7) 6.0 (1.7) 226.8 (18.2) 
 
Figure 79 shows that the average daily N2O-N fluxes increased markedly three days after 
urine application, peaking 5-6 days after urine application before gradually declining. Further 
rainfall on 27th November increased N2O-N fluxes again. When irrigation commenced the 
earlier and more regular irrigation events in the standard irrigation treatment resulted in higher 
N2O-N fluxes from the 1st to the 8th of December (Figure 79). These daily N2O-N fluxes 
determined the trends observed in the cumulative N2O-N fluxes (Figure 80). Total cumulative 
losses in the optimised and standard urine treatments did not differ (P < 0.44) when considering 
the entire experimental period and were 2040 ± 464 (s.e.m) g N ha-1 and 2676 ± 587 g N ha-1, 
for optimised and standard irrigation with urine, respectively. Over the total period the non-
urine optimised treatment emitted a lower (P = 0.03) total cumulative N2O-N flux than the 
standard non-urine treatment: 62 ± 17 g N ha-1 and 131 ± 9 g N ha-1, respectively. Total 
cumulative mean N2O-N fluxes under urine resulted in emission factors (Equation 15, V.3.3) 





Considering only the irrigation period, 1st of December onwards (Figure 80), resulted in lower 
cumulative N2O-N fluxes in the optimised treatment (at P = 0.09) compared with the standard 
irrigation treatment 306 ± 147 g ha-1 and 1087 ± 319 g ha-1, respectively.  
 
Figure 79: Field trial 1 daily N2O emissions (g N ha-1day-1) from the 15/11/2018 to the 13/12/2018 for 
the four treatments. The red bar represents the urine application, blue arrows and yellow arrow 








 Field tr ial  2  
Dry biomass was unaffected by irrigation or urine treatments (Figure 81). At the end of the 
experiment, an average of 57.3 g of cumulative dry biomass was harvested from the control 
chambers, similar to chambers with urine under standard and optimised irrigation with 55.9 g 
and 53.5 g of cumulative dry biomass respectively (Figure 81). With urine the growth rates 
were 26.8 ± 2.0 (s.e.m) and 30.8 ± 1.3 kg DM ha-1 day-1 in the optimised and standard irrigation 
treatments, respectively. While in the control (without urine and with standard irrigation), the 
growth rates was 30.9 ±1.5 kg DM ha-1 day-1.  
Figure 80: Field trial 1 cumulative N2O emissions (g N ha-1) from the 15/11/2018 to the 13/12/2018 
for the four treatments. The red bar represents the date of urine application. Blue and yellow arrows 






Figure 82 shows that the average daily N2O-N fluxes increased markedly the day of the urine 
application, to then gradually decline until the first irrigation event. Until the 5th of March, 
N2O-N flux peaks were observed after every irrigation event (Figure 82). After the 5th of March, 
the N2O fluxes were ≤ 9.8 ± 1.5 g N ha-1 day-1 regardless of treatment until the rain simulation 
(6.7 mm) on the 24th March. The more regular irrigation events in the standard irrigation 
treatment resulted in higher N2O-N fluxes from the urine applied until the 5th of March (Figure 
82) and especially on the day following the rain event (22nd of February). The peak emissions 
observed on the 23rd differed significantly (P < 0.05) in all treatments and were, on average, 
equal to 235.4 ± 31.8, 60.3 ± 11.4 and 24.3 ± 19.5 g N ha-1 day-1 for standard and optimised 
irrigation with urine, and standard irrigation without urine, respectively. A significantly higher 
peak of 69.2 ± 32 g N ha-1 day-1 in the standard irrigation without urine was observed at the 
end of the experiment after the rain simulation when compared to the urine-on treatments.    
Figure 81: Field trial 2 dry biomass and cumulative dry biomass collected 3 times over the total 
period of the experiment for optimised (Opt) and Standard (Std) irrigation treatment with urine 





These daily N2O-N fluxes determined the trends observed in the cumulative N2O-N fluxes 
(Figure 83). Total cumulative losses in the standard and optimised urine treatments differed (P 
= 0.09) when considering the entire experimental period and were 941 ± 136 g N ha-1 and 609 
± 27 g N ha-1, respectively. Over the total period the non-urine treatment emitted a significantly 
lower (P = 0.002) total cumulative N2O-N flux than the urine treatments: 252 ± 100 g N ha-1.  
Total cumulative mean N2O-N fluxes under urine resulted in emission factors of 0.05 and 0.1% 
for the optimised and standard urine irrigation treatments, respectively.  
 
 
Figure 82: Field trial 2 daily N2O emissions (g N ha-1day-1) from the 11/02/2020 to the 25/03/2020. 
The red bar represents the urine application, blue triangles and yellow horizontal lines denote the 
standard (STD) and optimised (OPT) irrigation applications, respectively. Error bars = s.e.m, n=4. 
Treatment with urine applied (on) or no urine applied (off). The blue vertical dashed line on the 






Soil NH4+-N and NO3–-N concentrations pre-urine application were 18.9 ± 1.8 (± s.e.m) 
and 2.7 ± 0.9 µg N g-1, respectively (Table 9). Until the 2nd of March, the NO3–-N 
concentrations increased up to 218.7 and 133.8 µg N g-1 for optimised and standard irrigation 
with urine, respectively. However, the NO3–-N concentrations had decreased significantly by 
the end of the experiment (P < 0.05, Table 9). The values measured in the spare chambers with 
urine were not significantly different than the values measured in the chambers at the end of 
the experiment for NH4+-N and NO3–-N concentrations (Table 9), except for the urine off 
standard treatment where the value for NO3–-N concentrations in the spare chamber (1.3 ± 0.1 
µg N g-1) was lower than the chambers’ value (7.6 ± 3 µg N g-1). An irrigation effect with urine 
was observed in the NO3–-N concentrations with higher values for the optimised compared to 
the standard irrigation: 98.2 ± 8.3 and 55 ± 10.7 µg N g-1, respectively, at the end of the 
experiment. 
Figure 83: Field trial 2 cumulative N2O emissions (g N ha-1) from the 11/02/2020 to the 25/03/2020 
for the optimised (Opt) and standard (Std) irrigation treatments with urine applied (on) or no urine 





Under urine application, soil NH4+-N concentrations had increased up to the 21st of February 
and then declined by the end of the experiment but no significant irrigation effect was observed 
in the spare chambers (P = 0.25) with averages equal to 11.6 ± 5.9 and 4.9 ± 1.4 µg N g-1 for 
optimised and standard irrigation, respectively.  
Inorganic-N concentrations in the non-urine control remained low with NH4+-N and NO3–-N 
concentrations ≤ 14.8 and 7.6 ± 3 µg N g-1, respectively (Table 9). NO3–-N concentrations were 
significantly lower (P < 0.05) in the non-urine treatments at the end of the experiment.  
Soil DOC concentration pre-urine application average across all treatments was 239.7 ± 
26.9 µg g-1 (Table 9). At the end of the experiment, all the treatments had lower DOC 
concentrations (≤ 142.9 ± 5.9 µg g-1) when compared to the start. A treatment effect was also 
observed (P = 0.048) with the lowest value for the optimised irrigation with urine treatment 

























13/02/2020 start (before urine) 4.6 0.9 2.8 19.8 22.2 14.8 301.3 188.8 229.1
16/02/2020 Before std irrigation ― 4.9 1.9 ― 128.8 13.4 ― 196.2 194.6
17/02/2020 Before opt irrigation 13.2 ― ― 61.9 ― ― 330.7 ― ―
19/02/2020 Before std irrigation ― 39.5 0.7 ― 311.2 3.5 ― 383.5 269.9
21/02/2020 Before opt irrigation 103.8 ― ― 472.1 ― ― 381.3 ― ―
2/03/2020 Before opt & std irrigation 218.7 133.8 3.0 74.6 34.0 3.8 275.8 190.0 214.7
24/03/2020 end 116.6 (±23) 39.2 (±13) 1.3 (±0.1) 11.6 (±5.9) 4.9 (±1.4) 2.2 (±0.3) 136.0 172.5 214.5
24/03/2020 end 98.2 (± 8.3) 55 (± 10.7) 7.6 (± 3.0) 10.2 (± 2.1) 2.2 (± 0.5) 3.6 (± 0.5) 109.1 (± 5.4) 120 (± 6.9) 142.9 (± 5.9)
NO3
- – N (µg/g) NH4
+ – N (µg/g) DOC (µg/g)
Table 9: Field trial 2 concentration of inorganic-N for both NO3–-N and NH4+-N and dissolved organic carbon (DOC) measured in the soil (0–7.5 cm) 
per treatments. The values with a pink background were sampled in the spare chambers (2 cores mixed in a zip bag for each / date / chamber). The last 
line of the table (no pink background) represents the data from the autosampling chamber samples. For the last date, values are means (n=4) and errors 




  Discussion 
 Field trial 1  
The atypical rainfall over the initial experiment period, with rainfall events in excess of 20 
mm, maintained the soil at field capacity for about 10 days following urine application. While 
this level of soil moisture negated the immediate need for irrigation it provided the opportunity 
to observe rainfall effects on Dp/Do. Rainfall events reduced the ability of O2 to diffuse into the 
soil as indicated by the values of Dp/Do which were generally < 0.006 over this time. 
Stepniewski (1981) reported soils commenced becoming anaerobic for plant roots at Dp/Do 
values < 0.02. Balaine et al. (2013, 2016) found a Dp/Do equal to 0.006 induced denitrification-
derived maximum N2O fluxes, and that lower Dp/Do values caused complete reduction of N2O 
to dinitrogen (N2). While Chamindu Deepagoda et al. (2020) showed, using intact soil cores, 
that Dp/Do above 0.005-0.01 could improve soil aeration and minimise N2O emissions. Similar 
results were reported by in Rousset et al. (2020), Chapter III, where an increase in N2O fluxes 
occurred as Dp/Do declined, creating an environment suitable for N2O production. In the current 
study despite Dp/Do values < 0.006, where decrease of N2O fluxes might have been expected 
due to N2O consumption producing N2, the N2O fluxes increased rapidly and then steadily 
declined, 2 days and 6-10 days after urine application, respectively (Figure 79). The two day 
lag for the onset of N2O fluxes may have resulted from soil microbiology adapting to urine 
deposition and the subsequent development of substrate for N2O producing mechanisms and 
the fact a heavy rainfall event would have impeded N2O fluxes on the second day after urine 
application. Petersen et al. (2004) and Harrison-Kirk et al. (2015) also found an inhibitory 
effect from urea and urine applied, respectively, on both nitrification and denitrification in the 




the first week following urine deposition (Clough et al. 2009), as was the case in this study, 
and the fact that N2O fluxes did not increase in the control soils, the rapid increase in the N2O 
flux under urine must be related to N2O production via nitrification and/or nitrifier-
denitrification mechanisms, the latter occurring under hypoxic conditions. The ruminant urine 
patch is not a niche favoured by ammonia oxidising archaea (AOA) and they cannot perform 
nitrifier denitrification but ammonia oxidising bacteria (AOB) are promoted in urine patches 
and can perform nitrifier denitrification (Di et al. 2009; Stein 2019). Hence, the N2O fluxes 
were most likely the result of AOB initiating nitrification. The AOB require O2 for the first 
step of nitrification, the oxidation of ammonia to hydroxylamine. This indicates, given the 
anaerobic conditions of the bulk soil, and the fact soil diffusivity was so low, that N2O 
production and its release was likely occurring at or near the soil surface, where O2 supply 
could still exceed O2 demand, and where N2O diffusion from the soil could occur prior to being 
reduced to N2. Supporting the occurrence of nitrification was the relatively small increase in 
soil NO3–-N by day 6 (Table 8). 
 Nitrite (NO2-N), a key precursor of nitrifier denitrification induced N2O fluxes, has 
been shown to elevate N2O emissions (Venterea et al. 2015). High ammonia concentrations 
following urine deposition can inhibit NO2-N oxidation elevating NO2-N. The low Dp/Do 
values indicate that diffusion of ammonia out of the soil would have been relatively slow, 
potentially prolonging the inhibition of NO2-N oxidation. Hence nitrification induced NO2-N 
dynamics may have also been responsible for the increase in N2O fluxes. A decline in the net 
N2O production rate occurs when N2O consumption exceeds production. Consumption of N2O 
occurs when soil microbes containing the nosZ gene reduce N2O to N2. These microbes may 
be complete denitrifiers, containing nosZ clade I, or they may be organisms containing nosZ 
clade II where over half of these are non-denitrifying organisms (Hallin et al. 2018). Thus the 




change in N2O production mechanisms, enhanced consumption of N2O, or a combination of 
these. While the Dp/Do values indicate that the bulk soil was anaerobic until 11 days after urine 
application, and by day 6 soil NO3–-N was higher under urine than under pre-urine conditions, 
favouring denitrification, the consumption of N2O by denitrifiers at the surface of the soil could 
not have happened with oxygen present. This further implies it was a decline in NO2-N 
concentrations, and associated N2O production via nitrifier denitrification, that caused the 
decreased N2O flux at this time.  
After 13 days the maximum N2O flux occurred (29th Nov). This occurred after smaller 
rainfall events (~ 5-10 mm, 27-28th Nov.) that caused relatively little change in WFPS. Instead 
the maximum N2O flux aligned with Dp/Do values close to 0.006. Balaine et al. (2013) showed 
peak N2O fluxes occurred following soil drainage when a soil’s air-entry point was reached. 
Effectively, when the air-entry point is reached a sufficient number of soil pores have drained 
to facilitate both oxygen entry into the soil, inhibiting N2O reductase, and the diffusion of 
entrapped N2O from the soil. 
After commencing standard irrigation, every three days, relatively small shifts in WFPS 
occurred. But when WFPS data were used to calculate Dp/Do there were relatively greater shifts 
in Dp/Do due to the value of Dp/Do being an exponential function of air-filled porosity. The 
standard irrigation regime maintained a lower Dp/Do value than in the optimised irrigation 
treatment, with conditions more favourable for N2O generation via denitrification (close to 
0.006) at a time when NO3–-N substrate was prevalent in the urine patch inorganic-N cycle. As 
a consequence elevated N2O fluxes occurred under standard irrigation (1st – 8th December) 
when compared with the optimised irrigation. At this time the optimised irrigation had not been 
triggered, resulting in higher Dp/Do and lower N2O fluxes as a result. Consequently, the rainfall 
event on the 5th of December resulted in a near 5-fold lower N2O flux on the 6th December in 




application of 12 mm of water did not promote the same N2O flux as seen under earlier standard 
irrigation events. However, even the standard irrigation treatment had a relatively low N2O flux 
at this time because of the prior evapotranspiration loss of soil moisture and so Dp/Do did not 
drop to a value required for significant denitrification to occur. 
Emission factors under the urine treatments were relatively small but within the order of 
magnitude expected for pasture urine patch emissions (IPCC 2007, Saggar et al. 2015). Further 
extension of the experimental period with additional irrigation events would have resulted in 
further N2O fluxes and an increase in the EF provided NO3–-N did not leach with further 
irrigation. Cumulative fluxes under urine after the commencement of irrigation differed due to 
irrigation treatment at P = 0.09 but it’s likely that this difference would have become more 
significant if the experiment had been able to proceed longer. The nitrate in the irrigation water 
(7.11 mg NO3–-N L-1), may explain higher N2O emissions from the non-urine treatment under 
standard irrigation. The N2O emission changes between standard and optimised irrigation 
without urine occurred during the irrigation phase (Figure 79). While 62 g N ha-1 is not huge – 
over an irrigation season, this could potentially be significant. 
In both irrigation treatments with urine, the water content in the soil remained above the 
TP leading to a similar yield at the end of the experiment. Supporting the similarity in the dry 
biomass yield was the soil NH4+-N and NO3–-N concentrations at the end of the experiment, 
not significantly different for optimised and standard irrigation with urine. N availability is a 
strong determinant of plant growth and crop productivity. Consequently, logic suggests that 
significant lower yields would be observed in the non-urine treatment due to a lower NO3–-N 
concentration and has been confirmed by our results.  
Mumford et al. (2019) demonstrated that irrigation management, based on predictions of 
evapotranspiration, could effectively be used to reduce N2O emissions from fertilised 




excessive drying of the soil profile between irrigation events after observing that repeated 15 
day intervals between irrigation events increased N2O emissions. This was attributed to 
excessive drying creating a Birch effect (Birch 1958). Such an effect enhances N2O production 
following rewetting due to previously protected intra-aggregate organic matter being released, 
following aggregate degradation, and microbial senescence (Bottner 1985; Denef et al. 2001). 
Hence, the extent of the Birch effect has been hypothesised to be regulated by the soil’s 
structure and the history of a soil’s physical disturbance (Schimel 2018). Soil Dp/Do can be 
used to gauge the extent of soil gas diffusion both within (intra-aggregate) and between (inter-
aggregate) aggregates (Resurreccion et al. 2008; Jayarathne et al. 2020a). Potentially, 
prolonged periods of intra-aggregate diffusion could indicate greater availability of organic 
matter upon rewetting and Dp/Do could be explored as a predictor of the Birch effect magnitude. 
The values of Dp/Do used as the trigger point for optimal irrigation in the current study were 
not as high as those previously ascribed to intra-aggregate gas diffusion (Resurreccion et al. 
2008; Jayarathne et al. 2020b) and no enhanced N2O flux was observed following optimised 
irrigation. But further investigation is needed to examine this in relation to using Dp/Do as a 
tool to trigger irrigation. 
 
 Field trial 2  
Daily dry matter production in all treatments was under the typical summer growth rates for a 
fertilised irrigated pasture at Lincoln University (67 kg DM ha-1 day-1, Dairy NZ 2020). This 
indicates that the conditions were not as conducive for pasture growth. The whole experimental 
period was particularly dry with only 20 mm of rain, however WFPS values remained above 
PWP but 20% under FC, on average, for all treatments which may explain the growth rate 
restriction. Most surprisingly, there was no difference between the control chambers (without 




the non urine treatment soil. This is in direct contrast with many studies suggesting that in urine 
patches, pasture yield and annual N uptake are dramatically increased (e.g. Moir et al., 2016). 
This suggests that the inorganic-N concentration in the non urine treatment was not a limiting 
factor. Further evidence that supports this hypothesis is the significant peak of N2O in the non 
urine treatment at the end of the experiment (69.2 ± 32 g N ha-1 day-1). At this time, the Dp/Do 
value for the control was lower than 0.006 suggesting maximum N2O emission by 
denitrification (Balaine et al. 2013; Rousset et al. 2020). The DOC concentration was also 
suitable for denitrification with concentration > 40 mg C kg-1 soil (Ryden 1983; Beauchamp et 
al. 1989).   
As observed for field trial 1, the standard irrigation regime maintained Dp/Do at lower values 
than in the optimised irrigation treatment. However, most of those Dp/Do values are ≥ 0.01. 
Previously, Chamindu Deepagoda et al. (2020) showed, using intact soil cores, that Dp/Do 
above 0.005-0.01 could improve soil aeration and minimise N2O emissions. This explains the 
low EF observed during the field trial 2 for the standard irrigation with urine. Similar conditions 
are observed in the optimised treatment with Dp/Do ≥ 0.01 and ≥ 0.02 after the 3rd of March 
(Figure 78) and well correlated with low N2O emissions. Given that soil inorganic-N is 
dominated by NH4+-N in the first week (Table 9) following urine deposition (Clough et al. 
2009), as for field trail 1 (Table 8), and the fact that N2O fluxes did not increase in the control 
soils, the rapid increase in the N2O flux during the day of urine application must be related to 
N2O production via nitrification and/or nitrifier-denitrification mechanisms, the latter 
occurring under hypoxic conditions. Denitrification utilising existing NO3–-N and organic C 
(Table 9) could have also taken place in the soil. Bateman and Baggs (2005) also reported that 
N2O emission from nitrification occurs when the soil is between 35 and 60% WFPS as observed 




The cumulative N2O flux in the standard irrigation with urine was higher (P = 0.09) than the 
cumulative N2O flux in the optimised irrigation. However, this intensity variation was also 
caused by the major rain event on the 22nd of February 2020, which brought the Dp/Do to 0.006 
in the standard irrigation with urine. The maximum N2O fluxes aligned once more with Dp/Do 
values close to 0.006, but despite differences in cumulative losses, much of it was not directly 
related to individual irrigation events but rather to a treatment legacy amplified during rainfall 
period as observed by Mumford et al. (2019).  
 
 Conclusion 
This was the first study to examine soil gas diffusivity in conjunction with varying irrigation 
treatments and N2O fluxes from management urine patches. Despite the short irrigation period 
of these two field experiment the significant changes in Dp/Do resulting from rainfall or 
irrigation events demonstrate that Dp/Do is a sensitive gauge of soil aeration that has the 
potential to be used in a decision framework that optimises irrigation to reduce N2O while 
maintaining a good pasture production. This study demonstrates the need to adjust irrigation 
cycles to prevent the soil gas diffusion declining to ≤ 0.006, in the event of subsequent rain. 
Furthermore, measures of Dp/Do in this experiment have highlighted the need to examine the 
N2O formation pathway(s) with respect to soil depth, over time, in order to better understand 
the implications for N2O mitigation via irrigation management. Further consideration should 
also be given to understand how irrigation interval influence the Birch effect and the interaction 





The purpose of this last chapter is to provide a summary of the findings relating to irrigation 
systems and pasture soils that links to N2O emissions, with an emphasis on soil relative gas 
diffusivity being used as a management tool and on how soil physical conditions impact upon 
this and N2O emissions.  
 The current problematic 
One of the major challenges of sustainable ecosystem management is to mitigate the 
negative effects of global climate change caused by steadily increasing atmospheric GHG 
emissions. While concerns about human-induced effects on the Earth’s climate have mainly 
concentrated on CO2 and CH4, reducing anthropogenic N2O flux, mainly of agricultural origin, 
also represents an opportunity for substantial mitigation. In New Zealand, agricultural N2O 
emissions contributed almost 94% of the total N2O emissions in 2017 (Ministry of the 
Environment New Zealand 2019) and these were coming mainly from adding N to the soil, 
e.g., through manure, urine or fertiliser. Pasture soils are inherently complex in relation to N2O 
emissions due to the interaction of a multitude of soil physical, chemical, and microbiological 
functions and processes (Clough et al. 2020).  
Oxygen supply has been identified as a key determinant of the biological denitrification 
and nitrification pathways that produce and/or also consume N2O in soils (Wrage-Mönnig et 
al. 2018). Both pathways respond differently to soil water status, largely due to the effect of 
soil water content on O2 diffusion, this is why most studies have used water-filled pore space 
(WFPS) as a gauge to determine and predict N2O fluxes from soils. However, even though 





N2O from soils that vary in soil ρb, studies using other measures such as relative gas diffusivity 
(Dp/Do) as an alternative predictor for N2O emissions are still limited. Notably, Dp/Do is a 
function of porous media characteristics facilitating diffusive gas migration, namely the air-
filled content, and the tortuosity of the functional gaseous pore network. Because the 
volumetric water content and the volumetric air content share the soil total pore space they 
complement each other while Dp/Do varies markedly in response to soil water dynamics and 
has the advantage of accounting for soil characteristic such as soil compaction (Balaine et al. 
2013) and aggregation (Jayarathne et al. 2020a).  
Irrigation, which is to be found in 20% of the total agricultural land area and which 
contributes to 40% of the total food production (FAO 2014), often represents a large and 
sudden increase in the amount of water which impacts the soil structure and moisture content 
and consequently Dp/Do. Mumford et al. (2019) in their study comparing different irrigation 
frequency (low-15 day interval, medium-10 day and high-4 day) reported significant 
differences in N2O emissions from fertilised agroecosystems. However, they suggested that 
much of the variance between treatments was more specifically attributed to the treatment 
legacy during rainfall events and linked to the Birch effect, suggesting a focus on the wetting 
and drying cycles.  
To develop a solution that neither induces the transfer of N pollution through leachate, nor 
decreases agricultural production, I specifically: 
• targeted an improved understanding of how soil physics (bulk density, soil type and 
drainage) affects the N2O emissions under controlled lab conditions and particularly in 
relation to Dp/Do (Chapter III and IV);  
• investigated the significance of soil wetting and draining cycles on N2O emissions 





• tested an optimal irrigation practice based on Dp/Do thresholds to minimise N2O losses 
from intensely managed pastures (Chapter V and VI).  
 
 Summary of findings and conclusion 
The results from this study strengthen arguments presented in previous studies and bring some 
new clarifications and research questions with respect to N2O emissions from intensively 
managed pasture soils: 
• The first focus of this study was to strengthen knowledge around the role of Dp/Do as 
a key soil physical variable that describes soil N2O emissions and to compare it against 
WFPS across different soil types and compaction factors. This was undertaken in 
Chapter III and IV, using repacked soil cores, to reduce the variability, and under 
laboratory conditions that were optimal for the denitrification process to occur with a 
high concentration of substrates (C and NO3–). Balaine et al. (2013) showed peak N2O 
emissions occurred across a relatively wide range of WFPS and volumetric water 
content but maximum N2O emissions occurred at a Dp/Do value of 0.006 that was 
independent of soil ρb in a repacked Templeton silt loam soil. I expanded upon this 
assessing different soil types. As expected N2O-N increased with the decrease in Dp/Do. 
While WFPS increased significantly with increases in soil ρb and soil water content. 
The results confirmed that Dp/Do can be used as a useful measure to predict soil 
physical conditions where N2O emissions occurs and confirm recent observations of a 
critical diffusivity window under 0.02 and close to 0.006, which needs to be avoided 





• The results from Chapter III and Chapter IV revealed a decline in N2O fluxes for Dp/Do 
values lower than 0.006 (Figure 30, Figure 41), the causes of which can be explained, 
by either N2O entrapped in the soil cores or reduction of N2O to N2. Activity of N2O 
reductase often lags behind the activity of the other reductases (Zheng and Doskey 
2015). Laboratory soil incubations have revealed that the activity of N2O reductase 
was initially low but increased in 12–40 h in response to prolonged incubation under 
anaerobic conditions (Zheng and Doskey 2015). This could also explain the decrease 
in the N2O emissions after the peak in day 3 (Figure 41) for Dp/Do < 0.006. However, 
this hypothesis could not be confirmed due to the low N2 fluxes measured during the 
experiment (Erreur ! Source du renvoi introuvable.). 
• Low N2 fluxes observed may be explained by the acidic soil pH measured in the 
experiment. Čuhel et al. (2010) showed that for acidic pH (average 5.52), the 
N2O/(N2O + N2) ratio increased due to changes in the total denitrification activity with 
acidic pH being unfavourable for N2O reduction into N2. Soil pH has also been 
observed to decrease during the draining phase (Figure 23). In addition, the high soil 
NO3– concentration did not favour N2O reduction. There was also a clear dilution of 
the 15N enriched nitrate pools due to the relatively rapid dilution of the 15N pool by 
organic-N mineralisation which also did not favour N2 flux detection.  
• Soil texture and structure were shown to have an effect on drainage rate as observed in 
Chapter III and Chapter IV which in turn directly affected Dp/Do. A recent study of 
Jayarathne et al. (2020b) showed that the peak N2O flux varied with Dp/Do dynamics 
that were in turn a function of inter-aggregate and intra aggregates pore drainage. In 
this PhD, the loss of macropores (finer texture e.g. Wakanui soil vs Otorohanga soil) 





drainage rate which in turn decreases Dp/Do (< 0.02) stimulating higher N2O 
production via denitrification. 
• The importance of wetting and draining cycles as a major control of N2O emissions in 
irrigated pastures was also highlighted. Irrigation events clearly affect Dp/Do dynamics 
and N2O fluxes. Nitrous oxide peaks were observed after irrigation events. In Chapter 
V (lysimeter experiment) the optimised irrigation resulted in higher cumulative N2O 
emissions. Optimised irrigation minimised soil anaerobic conditions when compared 
to standard irrigation, identified through higher soil Dp/Do, which, in turn, increased 
plant growth and N uptake. Following optimised irrigation events, mineralisation of C 
due to the “Birch effect” is enhanced (Birch 1958; Bloem et al. 1992; Franzluebbers et 
al. 2000) due to rewetting after extended drying periods (reduced in the standard 
irrigation), resulting in increased substrate for microbial respiration that in turn 
promotes hypoxia and N2O generating processes.  
• Chapter VI, field experiments, showed a successful reduction of the cumulative N2O 
emissions in the optimised irrigation treatment compared to the standard irrigation with 
no significant impact being made on the growth rate. This study demonstrates the need 
to adjust irrigation cycles to prevent the soil gas diffusion declining to ≤ 0.006, in 
the event of subsequent rain.   
In recent years, knowledge of processes producing and the occurrence of N2O fluxes has 
advanced tremendously. New tools and techniques have allowed studies and thus increased 
understanding on the microbial processes involved in the production along with the 
different soil physical characteristics and conditions affecting such fluxes. However, new 
approaches for up-scaling processes and fluxes from microbial scale to soil micro-sites, 
fields, entire landscapes and regions are still required, despite the recent progress. Soil 





emissions and future implementation into models is conceivable. Moreover, this study 
demonstrates the need to adjust irrigation cycles to prevent excessive drying of the soil 
profile between rainfall events while also keeping Dp/Do > 0.02. Management practices 
which reduce extreme fluctuations in soil water content may consequently reduce N2O and 
total denitrification losses. However, irrigation should not be the only concern for N2O 
mitigation. This study shows once more that N2O emissions are enhanced by the urine 
application or urea application. Consequently, future farming practices should be a chain 
of mitigation solutions aiming to prevent sub-optimal conditions for both nitrifiers and 
denitrifiers. 
 The next steps to improving our knowledge 
on N2O production in soils and future direction 
for irrigation management 
The work described in this thesis has also identified future opportunities for research, from 
simple repetitions of experiments to the use of Dp/Do in future modelling applications for 
farmers’ irrigation systems. 
Measurements of Dp/Do are relatively time consuming but current predictive models are 
adequate for generating Dp/Do values that align to and explain N2O fluxes. However, further 
consideration should be given to understanding what soil depth should be targeted in relation 
to modelling Dp/Do, with respect to minimising N2O emissions resulting from irrigation. This 
is because pasture rooting networks which are known to influence N2O emissions through root 
exudates (e.g. Langarica-Fuentes et al. 2018) and autotrophic respiration can be found at 





can occur in the soil profile (e.g. Klefoth et al. 2014). The soil surface N2O flux may be 
produced from deeper soil layers and transported upward and/or be produced in the topsoil. 
This is all the more interesting that the production of N2O flux at deeper depth could enhance 
its reduction into N2. Future studies including measures of N2 and microbial dynamics will be 
required to evaluate the denitrification losses, although measuring N2 emissions in situ is 
always challenging due to the high background level of atmospheric N2.  
Plant growth modelling studies with varying soil moisture conditions (irrigation) are required 
where soil moistures are modelled to optimise both plant growth and aerobic soil conditions 
(Dp/Do values > 0.02). Models should be generating Dp/Do values to better understand soil O2 
conditions and associated biogeochemistry. Such modelled Dp/Do data immediately informs of 
the aerobic/anaerobic status of a soil zone and intrinsically tells us what the likelihood of N2O 
formation, emission, consumption potential is regardless of soil bulk density. WFPS does not 
do this. 
This study, and recently published work (Mumford et al. 2019), has also found that the ‘Birch’ 
effect may potentially exacerbate efforts to mitigate N2O emissions through reduced irrigation 
frequency. Explanations given for the Birch effect include disruption of soil aggregates due to 
drying and the enhanced bioavailability of intra-aggregate carbon upon soil rewetting. Future 
work should look at irrigation frequency and soil respiration (Birch effect) with respect to both 
intra-aggregate and inter-aggregate Dp/Do, both of which can be modelled (Resurreccion et al. 
2008; Jayarathne et al. 2020a). It may be that intra-aggegrate disruption can be avoided through 
irrigation management which would minimise the Birch effect while also helping to minimise 
N2O emissions through reducing the bioavailable C supply for denitrifiers. In the studies 
performed in this thesis there was no way to determine, based on prior research, the soil Dp/Do 
value that would trigger irrigation: instead irrigation was triggered based on the plant’s need, 





in the field studies). But modelled Dp/Do was used as a measure to prevent overwatering with 
the aim of keeping soil at Dp/Do > 0.006 and thus minimise N2O emissions. In principle, this 
worked, but the ‘Birch effect’ was a confounding factor that emerged (e.g. Chapter V - 
lysimeter experiment) and thus it raises the question of what the irrigation trigger should be in 
terms of Dp/Do - which given that Dp/Do is a variable that accurately describes soil’s oxygen 
status in terms of inter and aggregate boundaries (Jayarathne et al. 2020a), and thus the Birch 
effect, provides a rationale to explore this further using modelling and laboratory studies. 
Nitrous oxide emissions were highly episodic in response to the irrigation events and the 
changes in Dp/Do. Automated gas sampling chambers provided the necessary high temporal 
frequency to capture those emission events in real time, ensuring the development of accurate 
N2O inventories. This technique could be extended for longer periods and monitor pasture 
fields over few years instead of over few months. This would allow considering the seasonal 
effect (more frequent rain events in spring and autumn) but also could also potentially combine 
farm management techniques which not only influence the soil O2 supply (irrigation) but also 
lead to re-structuring of pores, thus affecting the total porosity and pore structure (e.g. tillage 
and soil compaction).  
Systemic changes to current agricultural practices will not occur by themselves. The reduction 
of agricultural N2O emissions can only be achieved if there is first a transfer of knowledge 
from the research outputs into the irrigation practices on the coalface. It is possible to reduce 
energy costs while improving water use efficiency through comprehensive irrigation 
management; in this study energy cost seems achievable without significant yield reduction. 
An economic analysis in terms of water saving and dry matter production should be included 
in future researches on optimising irrigation based on Dp/Do. Where necessary, farmers could 
adopt modifications to their current practices which align with the scientific recommendations 





Appendix 1: Data distribution graphs showing the general distribution of N2O fluxes over gas 
diffusivity (A) and the density estimates of Dp/Do for the 4 different soil types (B) and bulk densities 
(C) in the second lab experiment (Chapter III). The dashed lines represent the 0.006 threshold 








Appendix 2: Data distribution graphs showing the general distribution of N2O fluxes over WFPS (A) 
and the density estimates of the WFPS for the 4 different soil types (B) and bulk densities (C) in the 








Appendix 3: Hourly N2O emissions (µg N m-2 h-1) from the 11/02/2020 to the 25/03/2020. The red bar represents the urine application, blue 
triangles and yellow horizontal lines denote the standard (STD) and optimised (OPT) irrigation applications, respectively. Error bars = 






Appendix 4: Explained and explanatory variables used in each chapter for the statistical tests. 
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